©~Copyright 2023

Akaxia Danaé Maria Cruz



The Influence of Dark and Ordinary Matter Physics on Galaxy
Formation

Akaxia Danaé Maria Cruz

A dissertation
submitted in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

University of Washington

2023

Reading Committee:
Thomas R. Quinn, Chair
Jessica K. Werk
Matthew McQuinn

Gordon Watts

Program Authorized to Offer Degree:
Physics



University of Washington

Abstract

The Influence of Dark and Ordinary Matter Physics on Galaxy Formation

Akaxia Danaé Maria Cruz

Chair of the Supervisory Committee:
Thomas R. Quinn
Department of Astronomy

Overwhelming observational evidence suggests that 85% of all the matter in the universe is
dark matter (DM), a particle whose microscopic properties remain poorly constrained over
many orders of magnitude. The current, widely assumed paradigm of a collisionless, cold
DM (CDM) and dark energy cosmology called ACDM has proven to be very successful on
large scales. Yet, observed galaxies are generally less dense than simple CDM-only predic-
tions, and while CDM is often assumed to be a single, collisionless particle species, there
are no Standard Model particles that are similarly collisionless. These discrepancies suggest
small-scale problems for the ACDM paradigm and have ignited the astrophysical community
to consider models of DM which abandon the collisionless assumption. This thesis details
the use of hydrodynamic simulations, analytic and numerical methods, and observations to
examine the fundamental nature of DM by asking how altering its microscopic properties
can influence the largest scales, with an emphasis on galaxy formation. In particular, using
analytic and numerical minimization methods we show that if DM is charged, collective
plasma processes may dominate momentum exchange over direct, short-range particle colli-
sions. Using cosmological hydrodynamic simulations, we find that self-interacting DM with
an interaction cross-section of og; = 1cm?/g delays supermassive black hole growth through
mergers by billions of years compared to CDM growth. With the same simulations, we show
slow accretion of cold clumps through the circumgalactic medium and onto galaxies is an

important process that fuels star formation, independent of background DM.
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102, mDM could be affected by halo magnetic fields, leading to mDM taking
diffusive, rather than ballistic trajectories as assumed in [279], pushing their
constraints below the black solid line to the gray dashed line. The solid
teal line represents the parameter space for freeze-in production of mDM,
where annihilation of SM particles gives rise to the abundance after inflation
and before matter-radiation equality [50, 75]. The gray shaded region shows
previous constraints on the existence of mDM by the SLAC mDM experiment
[219], stellar cooling [302], and supernova 1987a [46]. Additional constraints
are shown from CMB decoupling [152, 174], and electron and nuclear recoil

direct detection in Xenon10/100 [82, 83] and XenonlTc, respectively. . . . . .



2.7 Bounds in the ¢,—m, plane on dark matter that is U(1) charged with a
massless dark photon. In the pink shaded region above the solid black elec-
tromagnetic line, the dark-U (1) DM charge-to-mass ratio is sufficient to drive
Weibel instabilities in the Bullet cluster system as detailed in section 2.3.2.
This instability was considered previously in [160] in the cold limit and we
showed that it still grows sufficiently fast in the warm limit. Also shown
is the electrostatic instability growth rate [160], which can grow faster by a
factor of ¢/V}, 5, but we argue is a less robust constraint in the Bullet cluster.
The gray shaded Coulomb region represents the parameter space where 2 —
2 Coulomb collisions would have a significant impact in DM halos as detailed
in [160]. The solid gray shaded region is disfavored by kinetic decoupling
constraints detailed in [124]. While our solutions considered a massless dark
photon, we note that these results should hold for a massive photon whose
Compton wavelength is larger than the length scale of the instability, ~ c/wp,. 43

3.1 Star formation rate as a function of cosmic time from ¢t = 0 — 7 Gyr. There
is a striking difference between the GM3 and GMS3SI runs, as well as in
the star formation between GM2 and GM2SI1. The main halo of GM3SI1
(Myiy ~ 8 x 10" Mg) produces 3.7 times more stars than the CDM GM3
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Chapter 1
INTRODUCTION

The physical nature of dark matter (DM) remains one of the most outstanding and
intriguing questions in fundamental physics. DM is the dominant gravitationally attractive
component in the Universe, however, its microscopic properties remain unknown. DM is
being actively searched for in particle physics colliders and experiments. However, the
elusive nature of DM remains the main challenge for terrestrial experiments; as far as we
know, it does not interact strongly with itself or with the ordinary matter, described by the
Standard Model (SM), which makes up humans, stars, and planets. On the other hand,
there are a number of distinct, orthogonal, astrophysical observations of the gravitational

effects of DM on large-scale structures and in cosmology.
1.1 Observational Evidence of Dark Matter

In spite of the fact that DM has not yet been directly detected in a terrestrial laboratory,
there exists a collection of strong astronomical evidence for its existence. Over the past two
decades, this collection of seemingly anomalous observations has found a common answer,

dark matter with the following properties:

It is not ordinary matter.

It is not luminous, or it interacts weakly with ordinary matter.

It is not short-lived, i.e. it is stable.

It is not hot, i.e. has a small velocity dispersion.

The astrophysical observations of the gravitational effects of DM on large-scale structures

and in cosmology are:



1.1.1 Galazy Clusters

Galaxy clusters are collections of hundreds to thousands of galaxies bound together gravita-
tionally. In 1933, Fritz Zwicky was observationally examining the Coma cluster. He found
that the velocity dispersion of the galaxies in the Coma cluster was far too large to be
supported by luminous matter. Using the virial theorm, Zwicky determined that about 10
times as much mass as observed in the form of visible light was necessary to keep the indi-
vidual galaxies gravitationally bound to the cluster. He called this matter “dunkle materie”

or dark matter [334].

1.1.2  Galazy Rotation Curves

After Zwicky’s 1933 work, the motion of luminous matter in galaxies and clusters provided
the majority of early evidence for non-ordinary matter. In spiral galaxies, most of the visible
mass is the bulge and disk. From Gauss’ theorem, the velocity of stars v at a distance r

from the galactic center is as follows:

GM(r)

Veire (1) = (1.1)

where M (r) is the total mass enclosed in a sphere with radius 7, and G is the gravitational
constant. The physical extent of a galactic disk is ~ 10 — 15 kpc, and far from the center,
the stellar density decreases and the total mass inside a radius r becomes constant. Thus,

-1/2, However,

according to 1.1, the expected circular velocity should decrease as vire(r) o< r
the observed velocity far from the center of most spiral galaxies is approximately constant
[247, 31, 246, 206]. Observed constant circular velocities and 1.1 imply that some non-
luminous mass continues increasing far beyond the visible disc, or the Newtonian law of
gravitation is no longer valid at cosmic scales.! Similar results are obtained when examining

the dynamics of elliptical galaxies, and generally, DM seems to represent ~ 80 —90% of the

total mass of galaxies [7].

!This alternate explanation is explored in the theory of modified Newtonian dynamics (MOND) which is
not considered here as MOND is unable to explain a number of observational results.



1.1.3 Gravitational Lensing

Gravitational lensing occurs when a large amount of matter, such as a galaxy cluster,
generates a large gravitational field which causes a sufficient curvature of spacetime for the
path of light around it to become visibly bent, as if by a lens. The massive object that causes
the light to bend is thus called a gravitational lens. The total mass of galaxy clusters can
be determined by observing the deformed images of distant objects and reconstructing the
path of the light, which has been modified by the presence of the cluster mass. Gravitational
lensing is therefore used to weigh galaxy clusters, and studies have consistently shown that
the visible mass observed represents only ~ 10 — 20% of the total mass [7].

Analysis of the Bullet Cluster 1E0657-558, which utilizes gravitational lensing, is consid-
ered to have provided a breakthrough in our understanding of the nature of DM [53]. The
Bullet Cluster is composed of two galaxy clusters which have collided and passed through
each other. Galaxy clusters contain large quantities of gas in their intergalactic medium
(IGM). This gas can be accelerated by gravity, causing it to reach high velocities and emit
x-rays via thermal Bremsstrahlung. The hot gas in the Bullet cluster was observed by the
Chandra X-Ray Observatory. The hot gas experienced a drag force due to the interactions
between the gas in the two clusters during their collision, as evidenced by the character-
istic bullet shape of the observed gas. The majority of the mass, the DM, was deduced
from gravitational lensing. The critical observational result is that the majority of mass
is separated from the gas, proving that ordinary and dark matter are distinct. This result
is at odds with MOND [178]. Additionally, the separation between the collisionless Bullet
Cluster starts, and the DM has been used to explore and constrain the possible strength of

DM self-interactions [234, 329].

1.2 The Standard Model of Cosmology: ACDM

The long-standing standard model of cosmology includes a dark energy term A which is
responsible for the accelerating expansion of the Universe, and cold DM (CDM), a single,
collision-less particle species with negligible primordial thermal dispersion. This model,

known as ACDM is favored by overwhelming observations evidence. ACDM has a few



main parameters which are constrained by observations from Type Ia supernova, galaxy
cluster lensing, and the cosmic microwave background (CMB), to name a few. The model
assumes the universe is homogenous and isotropic, known as the cosmological principle,
and makes use of Einstein’s equations with an equation of state which specifies the relation
between matter and energy density. We will not discuss the details of these equations or
their solutions, as they are detailed in many current textbooks on cosmology and in the
literature (see for example [7]). We will, however, discuss its parameters as determined by
observations.

In particular, the model of ACDM and CMB data provides overwhelming evidence for
the remarkable fact that non-luminous matter exists in the Universe, but that most of the
Universe is not composed of SM particles. Current data from Planck implies that DM is five
times more prevalent in the Universe than ordinary matter and accounts for ~ 25% of the
Universe. More precisely, [209] constrains the dark energy density divided by the critical
density today (€24 ), the matter density (including massive neutrinos) today divided by the
critical density (£2,,,), the ordinary matter density today (wp) and the cold DM density today

(we) from Planck and lensing to be,

Q,, = 0.307 £ 0.019
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1.3 Small Scale Problems of ACDM

Although DM-only simulations of ACDM cosmology prove to be very successful at producing
results that agree with large scales observations, they predict high central DM density
“cusps” [187, 180, 40, 319], directly in conflict with observations of dwarf irregulars [95, 182,
62], low surface brightness galaxies [63, 155, 156], nearby field dwarfs [64, 196], low-mass
spiral galaxies [107, 268, 44, 2], and satellite dwarfs of the Milky Way (MW) [317, 250, 33].

These observations suggest the existence of kpc-scale DM cores, a discrepancy with ACDM



known as the core-cusp problem. [275] were among the first to point out that dark matter
self-interactions with a mean free path ranging from 1 kpc to 1 Mpc would naturally impact
galaxies and clusters of galaxies, while simultaneously preserving the large scale success of
ACDM. Thus, Self-interacting DM (SIDM) was proposed to address the core-cusp problem
over a decade ago [275, 41] as it naturally produces cored profiles in the inner 1 kpc of DM

haloes in DM-only simulation, which better agree with observations.

On the other hand, it has since been shown that baryonic physics can also create DM
cores. In particular, a number of studies show that outflows driven by supernovae (SNe)
cause the formation of shallow DM density profiles at the centers of galaxies [227, 114,
211, 68, 67, 39, 212, 193, 288, 19]. Moreover, high resolution cosmological simulations
which include baryonic physics have been shown to produce DM distributions in the central
regions of dwarfs, which agree well with observations, in CDM and SIDM models [13]. This
indicates that 1) SIDM and CDM both remain viable DM candidates, and 2) baryonic
physics in simulations is required to make reliable predictions about the nature of DM.

Despite the successes of simulations of CDM with baryons, degeneracies in baryonic
and DM physics still exist given the relatively large uncertainty in subgrid models, see for
example [306, 236]. Beyond this, they fail to simultaneously produce the densest galaxies
observed [253]. This seems to be true even for the highest resolution simulations, which
should be able to reproduce the compactness observed in some galaxies [104]. Meanwhile,
a series of works have demonstrated that a SIDM model with an interaction cross-section
of ~ 3 cm?/g can reproduce galaxy rotation curves from ~ 50 to 300 km/s [135, 230, 138],
although this is still being debated [254]. SIDM also produces a trend in central density of
MW-satellites as a function of orbital pericenter [133, 192] which agrees extremely well with
Gaia data [140] and has not been found in CDM simulations with baryons. These results

emphasize that SIDM is becoming an increasingly interesting DM candidate.



1.4 The Importance of Ordinary and Dark Matter Physics in Galaxy Forma-
tion

Over the past two decades, studies have aimed to identify if the small-scale problems of
ACDM can be uniquely solved by SIDM or by ordinary matter physics using cosmological
galaxy formation simulations. There are a number of well-motivated SIDM models that
could significantly alter galactic dynamics [59], and others that produce mean-free-paths
ranging from 1 kpc — 1 Mpc in present-day DM halos, naturally impacting galaxy scales,
while simultaneously preserving the large scale success of ACDM [274]. SIDM introduces
a means for DM particles to transfer energy between a galaxy’s hot outer to its cold inner
halo, producing constant density cores in simulations that agree with observations [79, 13].
While some simulation studies with a low-density threshold for star formation show that
stellar feedback does not form DM cores [306], other works show that stellar feedback-driven
outflows from bursty star formation heat up DM, reduce densities, and generate cores [211].
This indicates that while ordinary matter makes up only 5% of the matter-energy content
in the Universe, it could still alter DM halos, and further, may play a significant role in how

we can astrophysically probe DM.

If we are to make observational predictions about DM using galaxy formation, it is
crucial for us to understand the key ingredients involved: DM, and baryonic physics. Over
the past two decades, observers and theorists have worked to determine how galaxies evolve
from their initial DM seeds to the rich structures observed in the present day. While
cosmological galaxy formation simulations can produce cosmic filaments, and account for
non-linear processes such as galaxy merging, they are still unable to accurately reproduce all
aspects of galaxies. For example, in recent years it has been shown that observed galaxies
host only a small fraction of a DM halo’s expected baryons in their stars or interstellar
medium (ISM) (i.e. My < (/) Mp,) [297]. The “missing baryons” are housed in the
diffuse gaseous halo outside a galaxy’s disk and inside their virial radii, known as the
circumgalactic medium (CGM). The CGM is multiphased, the source of a galaxy’s star-
forming fuel, and the venue of stellar and SMBH feedback and recycling [252]. As such, the

CGM has become increasingly recognized as a crucial part of galaxy formation and evolution.



However, galaxy formation simulations have a hard time reproducing all observed aspects
of the CGM.

In this thesis, I will examine the fundamental nature of dark matter by asking how al-
tering its microscopic properties can influence the largest scales. I will start by examining
darkly charged dark matter in chapter 2. I will then examine how dark matter with hard
scattering self-interactions influences black hole formation and growth, as well as star for-
mation in Milky Way analog galaxies, in chapter 3. I will turn to a detailed examination of
the cold structures in the CGM galaxies, and how they may help fuel ongoing star-formation
in Milky Way analogs in chapter 4. I will summarize, and discussion potential future work

in chapter 5



Chapter 2

ASTROPHYSICAL PLASMA INSTABILITIES INDUCED BY
LONG-RANGE INTERACTING DARK MATTER

The content in this chapter has been modified and published in [59].

Multiple, orthogonal astrophysical observational probes provide evidence for the dark
matter: galaxy rotation curves [272], the cosmic microwave background (CMB) [210], grav-
itational lensing [172], and the matter power spectrum [218]. This collection of observations
indicates that dark matter (DM) interacts gravitationally, but leaves room for some other
interactions. In well-motivated DM models such as weakly interacting massive particles
(WIMPS), DM also interacts with the Standard Model (SM) through mediators at the
weak scale. The QCD axion, on the other hand, has a weak effective electromagnetic inter-
action but no electric charge. If instead DM has a small “millicharge” and has long-range
electromagnetic (EM) interactions with the SM, there can be significant effects on astro-
physical and cosmological scales. One such model being the dark photon, which gives rise to
kinetic mixing and naturally produces DM with a small electromagnetic charge [165]. This
DM model is known in the literature as millicharged DM (mDM) and allows for long-range
EM interactions between DM and the SM. In this model, the particle DM has mass m, and
a small electromagnetic charge ¢, as well as its antiparticle. While the nomenclature used
in the literature is to refer to this DM model as “millicharged”, the considered range of |g,|
spans many orders of magnitude.

One benchmark millicharge occurs in freeze-in models [71, 50|, where over a large range
of dark matter masses a coupling with ¢, /e ~ 10~ is able to produce the relic abundance

of DM via decays from SM particles. Such minuscule charge-to-mass ratios can occur in

!This is the version of the article before peer review or editing, as submitted by an author to the Journal
of Cosmology and Astroparticle Physics. IOP Publishing Ltd is not responsible for any errors or omissions
in this version of the manuscript or any version derived from it. The Version of Record is available online
at https://iopscience.iop.org/article/10.1088/1475-7516,/2023,/04/028.



string theoretic constructions [264]. Freeze-in models have received a lot of interest as a way
of producing light DM for which there are many new experimental search techniques, with
my ~ 10—1000 keV [14]. Freeze-in models with dark matter masses m, < 0.1 MeV are ruled
out by stellar cooling constraints [75]. CMB and large-scale structure observations have
the potential to rule out somewhat larger masses, as direct collisions transfer momentum
and damp density fluctuations on small scales [75]. Perhaps most excitingly, all freeze-in
parameter space up to 100 GeV may be ruled out by spin-down of the Milky Way galaxy

[279]. We will revisit this spin-down constraint in light of our calculations.

Another possibility is that the dark matter is charged in a U(1)-gauged dark sector that
does not interact with SM particles e.g. [81].2 This possibility avoids the anomaly conditions
and tight observational constraints that arise from SM hypercharge. In a purely darkly
charged model in thermal equilibrium with an associated massless dark photon, constraints
arise from limits on the number of degrees of freedom at Big Bang Nucleosynthesis and at
Recombination [8]. Models with sectors that mirror the SM complexity provide additional
constraints [136, 88, 108]. Some constraints still apply if the dark photon that mediates the
interaction is ultralight but not massless. Limits on a charged dark sector (including sectors

also with SM millicharge) are reviewed in [81].

Many of the cosmological constraints on millicharged and dark charged particles have
largely focused on direct collisions. For the baryonic plasmas we are most familiar with,
collisions are rarely the most effective mechanism for transferring momentum. Rather, there
are collective processes that couple the momenta of counter-streaming plasmas. This results
in collisionless shocks, where the width of the shock is much narrower than the collisional
mean free path. These shocks occur ubiquitously in astrophysics [294]. Just like with the
baryons, long range collective forces between DM particles or — in the case of mDM — with
the baryonic matter can couple the momentum of counter-streaming flows. This collective
behavior could dominate DM momentum coupling that assume only collisions, and could

improve CMB and the Bullet Cluster constraints on such coupling, such as [124].

2A weak mixing of this sector with the SM hypercharge is often the case for how millicharge is created.
In this case, whether we are in this limit or the millicharged limit depends on whether dark matter-baryon
or dark matter-dark matter interactions are stronger.
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We consider plasma streaming instabilities that would act to couple the momentum of
the DM to either the gas or to the DM itself. Streaming instabilities have been previously
considered for mDM in [125, 276, 162, 161, 327]. When DM is millicharged, electrostatic
instabilities, or instabilities with any significant longitudinal component, are highly Landau
damped owing to the streaming velocity (and hence the phase velocity of the excited Lang-
muir waves) being not much larger than the particle velocity dispersions for the cosmological
situations of interest [327]. Thus, electromagnetic instabilities are the most promising when
dark matter is millicharged. On the other hand, when DM has a dark-U (1) charge [160] has
shown that the growth of the electrostatic two-stream instability grows at the dark matter
plasma frequency. On the other hand, electrostatic instabilities, like the two-stream, gen-
erally saturate by flattening the bump on the tail of the distribution. Such saturation may
occur before substantial momentum exchange e.g. [295]. Thus, we also focus on the elec-
tromagnetic instability in this case. We consider primarily the Weibel instability [320, 99].
Indeed, the Weibel instability is thought to mediate collisionless shocks in astrophysics [36],
saturating in a manner where the penetrating plasmas come to rest. Although this case has
been considered in the literature [1], we expand upon previous analysis and verify the cold
approximation for Weibel instability growth rate for the Bullet Cluster system. We also

consider the Firehose instability, which requires an initial background magnetic field.

2.1 Plasma Instabilities

Charged particles participate in long-range collective electromagnetic interactions that en-
hance their momentum exchange rate relative to particle-particle interactions. Streaming
instabilities, which arise when a plasma of charged particles streams through a plasma at
rest, are one of the most studied manifestations of these collective forces. For electrons and
protons, the collective interactions dominate over single particle interactions and lead to mo-
mentum redistribution between the inter-penetrating plasmas on timescales much shorter
than the mean collision time. Single particle collisions between the mDM and baryons goes
as the square of the charge-to-mass ratio, whereas instability growth rates can be linear or

even the 2/3 power in the mDM charge-to-mass ratio relative to protons, which we denote
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as [gy/my]. This suggests that instabilities may be the dominant mode for momentum
exchange in the interesting parameter space of (g, /m,] < 1.

However, a plasma instability will only grow if its growth rate is faster than the rate
at which two-particle collisions dissipate the waves. For mDM, the collisions that dissipate
waves the fastest are electron-electron collisions. Electron-electron collisions damp waves

excited by the instability with a rate of [128]

ne InA T 2
e, =0.3s! £ 2.1
coll ° <103 cm—3 30 > <5000 K) ’ 2.1)

where In A is the Coulomb logarithm. If this rate is faster than the linear instability growth

rate, the instability will be quenched. As the electron-electron collision time is much shorter
than the baryon-dark matter collision time for relevant mDM parameter space, we never
need to consider whether the growth rate of plasma instabilities is faster than the collisional
coupling rate of the dark plasma to the baryonic plasma. For DM charged under a dark-U (1),
the analogous dark matter—dark matter collision time is too long to damp the instability
for the small dark charges of interest.

Another timescale of relevance is the age of the system. The instability has to happen
within 1% of the age of the system to reach saturation, as 100 e-foldings is likely needed.? In
the case of a successful Weibel instability, saturation corresponds to growing magnetic fields

to the point at which they can deflect streaming particles on the scale of the instability.

2.2 Electrostatic Plasma Instabilities

We briefly discuss electrostatic plasma beam instabilities here and why they are likely signif-
icantly damped in the mDM case (although not necessarily in the dark-U(1) case). Stream-
ing can excite (electrostatic) Langmuir and ion acoustic waves that have phase velocities

near the streaming velocity. The cosmological situations of interest have particle velocity

3To derive the rough N ~ 100 e-foldings criteria, a conservative assumption is that each electromagnetic

mode starts with a (minuscule) thermal amplitude of kT, where T is some characteristic temperature.
The Weibel instability grows by N e-foldings until the magnetic field reaches equipartition [175] so that
kS ko T exp[N] ~ qu, where kmax is the fasting growing mode, and ng ~ nkyT, where n is the particle
number density. This reduces to the condition that ' = In(n/k3,..) =~ 80 — 0.5In(n/10 cm™?) —
1.51n([gy /my]/10™%), where we have used our later result that kmax ~ wpy/c (§ 2.3).
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plasma frequency wp; = 4 /47qu32' /m; Alfvén speed va = X;Bo/\/4mpj

Larmor frequency i, ; = ¢jBo/mjc Larmor radius 11, = mjcvi/q;Bo

thermal speed orj = /2kT;/m;  Debye screening length Ap ; = ,/kT; /47qu]2-

Table 2.1: Definitions of commonly used plasma parameters in this work, in CGS-gaussian
units.

dispersions that are comparable to the phase velocity of the waves. Thus, when DM is mil-
licharged, the excited waves are Landau damped by the ample supply of charged particles
traveling with the waves. For example, in the two-stream instability (the most-famous-
instability-of-all!), the growth rate v for a warm dark matter beam with velocity dispersion
ory, and warm background plasma with o7; (which could be electrons, protons or dark

matter — often really all three?) satisfies the proportionality [295]

growth Landau damping
2 2 53 2
(wr/k = Viy) [ “pi9Tx Wr oxp | — " (2.2)
w2 o3k P 798202, '
px~ Ty Tj

2
20TX
where ~ is the imaginary component of the solution that leads to instability and w, is

T X (Vbx —wr/k) exp [_

the real frequency of the instability which needs to satisfy Vi, > w,/k for there to be
any instability, but the instability weakens considerably once V4, > w,/k owing to the
exponential factor in the first term on the right-hand side. However, if w,/k ~ V3, the
dark matter needs to be very cold with O'%X/G%j < ng/wﬁj ~ [gy/my)?/[g;/m;])* for the
second term on the right-hand side, due to Landau damping, not to dominate and suppress
instability, in the interesting limit for mDM damped by electrons, [g,/my]/[ge/me] is very
small. Note that velocity dispersion o7, the plasma frequency wy; for a given species j and
other relevant plasma parameters used in this work are defined in Table 2.1. Equation 2.2 is
for growth in the warm limit, and does not capture the contribution from the principal value

of the integral that is in the plasma dispersion function. However, owing to o1, ~ or; in the

“In the case of all three, their damping effects should be summed in the following equation.
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Figure 2.1: An illustration of the Weibel instability driven by the mDM beam in a perpen-
dicular shock and in the absence of a background magnetic field. A magnetic fluctuation
6B is assumed to oscillate in x and ¢ and to point perpendicular to the direction of the
mDM beam, which is in the ¥ direction. The magnetic fluctuation is thus in the z-z plane.
A background plasma, composed of either electrons/protons or positive/negative charged
DM is not shown, but the presence of the background plasma is critical for instabilities.

5

cosmological situations we consider where streaming instabilities can occur”, we expect that

even when this component is included, the electrostatic instabilities for mDM are highly

5The early universe case being the exception but suffers from a huge collision rate that damps these
instabilities.
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damped. However, in the case where DM has a dark-U(1) charge, [g,/m,]?/[g;/m;]> = 1
since j = x and so electrostatic instabilities can survive Landau damping [160].

The conclusion that electrostatic instabilities are significantly suppressed in the mDM
case echo [162], who considered electrostatic instabilities for the case of mDM being excited
by supernovae blast waves. The authors found that these were significantly damped, with
only the electromagnetic instabilities showing growth. Similar damping results for instabil-
ities in which the wave vector is at an oblique angle to the beam, as the electric field along
the beam is again Landau damped [295, 105], the primary mathematical difference being
the parallel component of wave vector appears in the Landau damping term in an analogous
growth rate equation to that of Equation 2.2.

The situation is different for electromagnetic instabilities for which the electromagnetic
fields are perpendicular to the wave vector, as electromagnetic waves can either have phase
velocities that are much larger than the particle velocities or instead because the electromag-
netic streaming instability can be purely imaginary, as is the case of the Weibel instability,

which we especially focus on.

2.3 Electromagnetic Plasma Instabilities

In this section, we turn to the possibility that charged DM (millicharged or dark-U(1))
excites transverse EM waves in both the absence and presence of a background magnetic
field. Asin [162], we consider only the case where wave propagation is along By (i.e. k || By)
and we restrict our analysis to two cases: the Weibel instability (where V3, L Bg) and the
Firehose instability (where Vy, || Bg). In both limiting cases, we follow standard practices
and search for purely imaginary solutions to the linear dispersion relation as expressed in
[105]. In either case, we search for analytic solutions when possible; when this search is
stifled, we instead search for numerical solutions using the method detailed in the section

below.

2.3.1 Numerical Method

Since the linear dispersion is a complex function, we look to find purely imaginary frequency

solutions where the square modulus of the linear dispersion, D(k,w), is zero, for a given



15

wavenumber. It is far from trivial to find roots or to know whether the root an algorithm
returns represents the fastest growing mode. Thus, finding solutions is a fraught exercises
that depends somewhat on the algorithm. Thus, we provide some details on the algorithm
we use to find roots. We note that, except in the Bullet cluster case with a magnetic field,

we use an analytic analysis to motivate the starting point of the numerical root finder.

We minimize the square modulus of the dispersion |D|? using the Nelder-Mead algo-
rithm, a simplex search algorithm for multidimensional unconstrained optimization of a
given nonlinear function f : R® — R [188] (in our case |[D|? : R? — R). A simplex S in
R™ is defined as the smallest subset of R™ that contains each whole line segment joining
any two points of n 4 1 vertices zg, ..., z, € R"; i.e. a simplex is a triangle in R? and a
tetrahedron in R3. The Nelder-Mead algorithm constructs an initial working simplex S
around an initial input point x¢g € R™. In our application of the algorithm, the simplex is
initialized around an initial frequency, wy, chosen to be an analytic solution to the linear
dispersion at hand (except for the magnetized Bullet cluster case where we do not have such
a solution; see below for discussion of these solutions). At each iteration of the algorithm,
the vertices of the simplex are evaluated and transformed via reflection, contraction, or
expansion towards the vertex which minimizes the non-linear function |D|? most, and then
a new simplex is constructed. This process is repeated until the simplex S is sufficiently
small, the function values are close for each vertex in the simplex, or the number of iterations
exceeds a maximum value, which ever comes first. We tried other numerical methods such
as gradient-decent and Newton’s method and discovered that the Nelder-Mead algorithm

produced the most stable results.

2.8.2 Weibel Instability

It is generally straight forward to calculate the dielectric function (tensor) when there is no
initial magnetic field Bg. However, the case with an initial magnetic field is more complex
and thus it is worth examining in detail. Furthermore, the growth rate of the linear Weibel
instability can be calculated from the electromagnetic dispersion relation. The derivation

which follows uses the same method as outlined in [105].
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We start by defining the dimensionless conductivity for the jth species or component

Sj(k, w):

ik2c?

T, (k,w) = “ing i) EV(k,w) (2.3)

Combing 2.3 with Maxwell’s equations:

10B
E=—— 2.4
VX c Ot (24)
10E  Arx
VxB=—-—+—J 2.5
. c Ot + c (25)
We obtain:

D(k,w)-ED(k,w) =0 (2.6)

Non-trivial solutions exist only when det|D(k,w)| = 0.

To evaluate S;(k,w), we use the linear Vlasov equation for electromagnetic waves in a
magnetized plasma. We assume, similar to the Weibel paper [320], that Bg = BpZ. The
plasma is perturbed by E and B fields, which are related via Maxwell’s equations. f;(x,v,t)
is the distribution function for the jth species. For the following calculations, we make use

of the following ansatz:

E(r,t) = EW(x,1), Jim E(x,t) =0 (2.7a)
B(r,t) = BO(x,t) + BV (x,1) (2.7b)
fixv,t) = 0 + £V (x,v,1) (2.7¢)
Jim i = 7 (v) (2.7d)

We additionally assume that f;(x,v,t), B(x,t), and E(x,t) depend on x and ¢ only

through eli(k*x=w] The Vlasov equation for a given particle species, j, is given by,

o, 9% @ v of; _
ot TV ok T \BET B gy =0 (28)
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In the initial state, we have assumed only the presence of a magnetic field Byg. Then a
perturbing electric field, E(M) (and thus BM) = k x B! / w) is turned on. This leads to
a small perturbation to the distribution function as given by 2.7c¢ where | f;1)| < | f;0)| for
any v, x, and t. Evaluating 2.8 to first order, the linear Vlasov equation for electromagnetic

waves in a magnetized plasma is

1) 1) 1) 0
of; bevit) O 4 <V y Bo) R ) (Em LY B<1>> R\
1 C

ot ox m; ov m; c ov

Integrating 2.9 for the perturbed distribution function, f;l) we use the method of charac-

teristics. Writing 2.9 as,

Py v g of,"
J ’ 4 (gM rwBM ). 2 2.10

dt m; ( v ov' (2.10)
where the primed variables, v/ and x’, denote the unperturbed orbit of the charged particle
in By, and are given by Newton’s equations with By = By2. Integrating 2.10 and writing

BW in terms of E(Y) using Faraday’s law, equation 2.4, gives the integral form of f;l):

(0)
e =2 [ [T £ (V/ ’ afﬂ sl

m; J o ov’ ov’
(2.11)
where bj(7,w) =k - (X' —x) — w7 where 7 = (' — t) and x’ = x(t’) and thus,
kyUJ_
bj(r,w) = 5 —[cos(Qujm = §) = cos(P)] + (kzvs —w)T (2.12)
L.j

When k x By = 0 in a homogenous plasma, as in the Weibel instability case, D,, =
D,. = 0 and D,, = D,, = 0 and equation 2.3 factors into two parts, corresponding
to strictly electrostatic and strictly electromagnetic waves. Additionally, when Egl) £ 0,

D,, = 0. Then the strictly electromagnetic dispersion when k x By =0 is

W= k2P + P SF(kw) =0 (2.13)
J
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Working in the basis where the electromagnetic fluctuations are circularly polarized and

using 2.3, where equation 2.11 becomes:

Yk v(t),w) =

. 0 g9+ L Y0 (2.14)
_q]/ dr v/ - EW [kz J; + (w — kv:) O expli(k,v; — w)T]
miw J_o v, vl vy
the electromagnetic dispersion is given by equation 2.13 where:
ar® arl®
w2 kov) 52—+ (w — kyvy) 52—
SE(k,w) = —=——2 /d3 i dus 2.15

J (I, w) 2k%c?n; voL kv, —wFQrj ( )

So far, we haven’t assumed anything about the functional form of f;o. In what follows, we

consider the case where for the dark matter species s:

2 2 2 2
(0) _ (1= fi)ns —v Jxns Uy TV (vz — V5) 2.16
17 = oz 2P| 502 | T o2 PP 202, 20, (2.16)

For Maxwellian distributions functions (and “drifting” Maxwellians), it is useful to define

the plasma dispersion function,

1 o g—a?
Z(&) = — / _ 2.17
=] ¢ (217)
The plasma dispersion function is the Hilbert transform of a Gaussian. It is useful to

express this function in its limiting cases:
~ 2 4.3 85
Z(&) = zﬁexp(—gj) —2& + §§j — T5§j + ..., for [§] <1 (2.18)

and
Z(&5) = iaﬁexp(—{?) T o3 T 4% + ..., for || > 1 (2.19)

where §; = z + iy and
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arl”
Starting by integrating the 2nd integral term in equation 2.15 (the afé integral) by

parts gives:

A )f(o) k‘ 5 0f)"
0= D*(k,w) = w? — k% + /d3 Sl ity 2.20
( ) Z kv, —wF QL,] ( )
For the z and y integration, we use:
00 582
/ exp[— 2] dx = o7 V21 (2.21)
~o0 207

Thus, with the x and y integration in the f](o) term in equation 2.20 we have

) k) exp | 525 |)
2 k v eXp 20.2 .
Kc2SE, = “ng [ g, s / dvz 21 (2.22)
’ n; kv, —wF QL7J /27TUT —wF O,
with u = and §i © £ N we write equation 2.22 as
\/5 fUTgkz ’
2
Wy w duexp[ui] ot [ exp|u?] (2.23)
oo | k- u—£&" V2 (u—¢F)?
7TO'TJ J j
Using equation 2.17, 2.23 gives:
Reist, - Lz + A7) (2.24)
3,2 20% k, V2 J
ar\”
The 8;2 term in equation 2.20 gives
f(O)
2 2ok woj [ o kvl wWoi ks 5, (U7 +v7) v fJ(O)
k°c*SH = ———= [ d’v = d’v (2.25)
b 2n; kv, —wF Qr; 2n; o7 kv, —wF Qr;

For the z and y integration, we need use equation 2.21 and the following Gaussian

integrals:

o) 2
/ 22 exp[— ‘ }dx:a%j\ﬂw (2.26)
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Equation 2.25 gives:

2 4 2 2
22t _ Wi L Amor; o K2mor;Vs 7
1T a3\ 7 w2 )
2
— _ ij <O-T:.]+ fX‘/Sz >Z/(£:t)
202, \ V2 2V207;

),

(2.27)

Where the z integration gives the Z/(£%) piece. Putting equations 2.24 and 2.27 into
2.20 gives the dispersion relation for the case where the particle distribution functions can
each be modeled as Maxwellian with velocity dispersion o7 ;. When the baryons are at rest,
and the relative velocity of the DM relative to the baryons is Vs = V},, and using the plasma

dispersion function identity

Z'(§) = =21+ £Z(9)] (2.28)

we thus have:

w

0= D*(k,w) = k> — w? — bz; 7 wgb(kaTyb)Z(g’t)
N *;/ c (2.29)
b
- Y ()@ (o) areze)
S=XTHX
wE0r,

, &8 = ©Es and fx is the

where Z(§) is the plasma dispersion function, 5; = e

korp
fraction of dark matter streaming. We note that we do not include a similar fraction
parameter for the baryons; this is because the timescales for instability growth induced
by counter-streaming baryons will be much smaller than the instability timescales for the
interesting DM parameter space, which has not yet been ruled out. Thus, our dispersion is
set up to determine if DM is able to keep streaming and produce plasma instabilities after
the baryons have coupled. (Of course we would find unstable modes if the baryons were
counter-streaming, and so we must start without counter-streaming baryoms!)6 Sometimes

we will write a solution using the notation w = w,+1%y. Note that we have chosen to account

for the half of the dark matter that has like charge in the number density that appears in

SA separate way of justifying our setup is that we are asking whether the standard scenario of multiple
streams of dark matter with a virialized atmosphere would be unstable.
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wpy- Even though the dark matter is not thermal, in dark matter halos it is often reasonably
described by a Maxwellian, and in the early universe the solution does not depend on o7,
Even though we start by considering the unmagnetized limit, Equation 2.29 allows for a
homogeneous beam-aligned magnetic field By; we will consider the case that it is nonzero in
§ 2.3.4. When the background magnetic field is zero, then of course the cyclotron frequencies

Qr,; = 0 for all species j.

2.3.3 Unmagnetized Weibel Instability

We first consider the unmagnetized electromagnetic Weibel instability. The streaming mo-
tion of dark matter plasma relative to other particles can drive this instability [320, 99].
Figure 2.1 illustrates the instability. We consider a scenario where a fraction f, of the dark
matter participates in a neutral mDM beam with equal parts +¢, and —¢, and with beam
velocity V;, that is streaming toward the other 1 — f, of the dark matter plus the baryons.
We assume the dark matter to baryon ratio is the cosmological ratio of €24/, ~ 0.2. Figure
2.1 illustrates that a small fluctuation in the magnetic field § B perpendicular to the dark
matter “beam” results in the plus and minus charges to separate into filaments (indeed,
Weibel is often called the filamentation instability). This separation in turn enhances the
amplitude of the magnetic field fluctuation, causing the filamentation and magnetic field
fluctuations to grow. The classical Weibel solution is purely growing, i.e. Re[w] = 0, such
that it is not suppressed by Landau damping. This instability is found to saturate once the
Larmor radius of the dark matter is comparable to the length scale of the instability [175],
resulting in the dark matter no longer being able to stream relative to the background
plasma. Such momentum coupling cannot happen for dark matter streaming relative to
the baryons in several cosmological scenarios (such as the pre-Recombination plasma or in
the Bullet Cluster), potentially allowing us to put limits on the dark matter’s charge. In
order to find solutions to Equation 2.29, we consider the limiting behavior of Z(¢;) (de-
tailed in equations 2.18 and 2.19) for different particle species j, where )1, ; = 0 and thus
5;5 = {; = 2—. Note that &; indicates whether the instability is cold/warm, meaning it

kor,;

grows faster/slower than the thermal motion of particles across the instability scale.
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Warm limit, where {; < 1 for all participating species j: Let us first treat the
unmagnetized Weibel instability in the warm limit where the {; < 1 such that Z(§;) =
iv/T+ O(&;). (Expansions of Z(&;) are given in equations 2.19 and 2.18). Only keeping the

dominant j particle and the dark matter steaming term Equation 2.29 reduces to

2
w Vb

0=ck? — w? —ivmw?, <> — fyw? <X> 2.30

PI\ kor; X“px o1y ) ( )

where the subscript j of the participating species are summed over. In most applications,

j=c¢€",but j = xT + x for a dark charge, with n; = n, = 2n,+ such that ng = ng =

2

2wpxi'

Equation 2.30 has the solutions

. 2 2\ 2 2
VT [ Wpj 1 Wpj Vox
_ o e [ =2 ) g w2 () — k2. 2.31
w 5 < k‘UT,j> 5 7'(' < kot Wpy oT c ( )

Keeping the Weibel mode (Re[w] ~ 0, Im[w] > 0) in the limit that the second term

under the radical is small yields

1 [ kor, Vi \°

W Ty 2 bx

Y = wi f < ) ) (2.32)
Jr < w2 ) PN o7y

where YW = Im|w] and the superscript “W” stands for “warm” and we have dropped

the ¢2k? term, valid when ck < ckmax = wWpy (fx)/?(Voy /0T,y ). Numerically we find that
instability goes away when not in this limit. Evaluating at k = kpax leads to an estimate

for the maximum growth rate assuming j = e~ of

1 (w3 3/20T,' Vi \ 3
’Yr\r)i]ax = ( X X2 : ( X> > (233)

N3 cw?; oTy

3 3/2 3
~ 83 X 10714871 [qX/mX] ( e )1/2 fix / %X
10—4 10—3cm—3 0.5 ory)

where we have evaluated at values most applicable for our mDM Bullet Cluster case

(and the fiducial parameters are given in Table 2.2), and we remind the reader that [gy /1]

is the dark charge-to-mass ratio with respect to the proton’s.” The growth in this warm

" After the fact, one can verify that the approximations that led to our expression for vms,. hold. For
example, our approximation Z(§) = iy/7 only holds for the branch where Im[¢] < 1/Re[] (see §2.3.2).
While the growth we found is purely imaginary solution so that Re[¢] = 0 clearly holds, keeping the next
order in the expansion for Z(¢) results in Re[€]/Im[{] ~ &;, where for our application with j = e. Thus
since Re[¢] < Im[¢] < 1 for our solution, we are safely in the desired limit.
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limit scales with the dark matter charge-to-mass to the cubic power, unlike the limits that

follow where the growth scales linearly.

Warm-cold limit, where electrons have {, < 1 and the dark matter {, > 1:
There is a second limit that we find is applicable in the pre-Recombination plasma — when
the dark matter is cold and other species are warm. In order to be cold in the unmagnetized
case w > kor,, which using our expressions for kpax and ymax reduces to the condition at

the wavenumber of maximum growth that

—-1/2

[‘Ix/mx] 2 (UT,x/Vbx)Q(JT,x/JT,j)fS (2.34)

This inequality is satisfied in the early universe (before dark matter halo formation) as the
dark matter velocity dispersion, o7, is essentially zero. In this case, Equation 2.29 reduces

to
2
. w
Pk — w? —iy/mw; (lm) + frwly <w> =0, (2.35)

and the solution to the quartic equation in the limit that ¢?k? and w? terms are smaller

than the two final terms is

fow? 1/3
WC ~ X 7PX . 2 2.
y (\/sz (kaT,»(mx)) , (2.36)

where the solution is valid for ck < ck],,, = ij(\/77fx(wpx/ij)QV}gc/a%j)l/G. Plugging in
k WC

max

into Equation 2.36 yields

_ w Vi
WS~ 0 (e () () (237
Wpj c
_ —1.-1 ,1/2 g /my] e 1/2 Vox
L2107 < 102 (1()3 Cm—3) 40 km s~1 )’ (2:38)

where we have evaluated at values most applicable for our CMB (see Table 2.2) scenario

described below (§ 2.3.3), the scenario that we find this warm-cold limit applies.

Cold limit, where {; > 1 for all participating species j: Finally, let us consider the

case where all species are cold, the limit which yields the shortest instability times. In this
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limit Z(&;) =~ —1/&; + O(1/§;) and the dispersion relation given by Equation 2.29 reduces

to:
w2 (Vik 2
0=c?k? —w? + wgp + wge + ng + fx% (3) , (2.39)
which has solutions
+1 1/2
w= E ((wf,p + wﬁe + ng + k202) + [(wgp + wge + ng + k:202)2 + 2fxng‘/},§<k2] 1/2> .

The positive, purely imaginary root is the classical Weibel solution, which has magnitude
[320]:

1/2
C f x/ Wpx Vixk

V2 (ng + c2k:2>

7 1/2 ) (240)

which has a maximum of

Vi Ca 1/2 ([q,/m,] V
C /2% _ 9 g 10141 ( PDM ) Qx /My bx 241
T & WSy = 28 % * \0.1GeVem—3 103 2000 km 51 )7 (24D

where the solution is valid for |£;| > 1, which corresponds to wave numbers much greater

than

C 1/2 2 1/2

7~ (k = Fmax) - S “wpx Vix 2

k—o-T< =1 — ckpax =~ \/57 — Wy . (2.42)
max ,J O-TJ

When wg’j is the dark matter plasma frequency, a real ky.x exists such that our solution

holds. We find that this limit applies for the dark-U(1) Bullet Cluster case (§ 2.3.3).

We now detail how these growth rates apply to three astrophysical systems of interest.

mDM streaming in the Early Universe

Dark matter is moving relative to baryons at the time of Recombination with an RMS
velocity difference of 40 km s~! [296]. This Recombination-era dark matter cannot exchange
significant momentum with the baryons or else it would disturb the percent level agreement
between calculations in the ACDM model and the CMB. Indeed, this observation has been
used to constrain the DM millicharge under the approximation of collisional momentum

exchange [74, 27, 76, even if only ~ 1% of the DM is millicharged].
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We find that plasma streaming instabilities are unlikely to improve on the CMB con-
straints from direct collisions. The “CMB” row in Table 2.2 shows the parameters used for

3 corresponds to a redshift of 1700.

our fiducial Recombination Era; the density of 103cm™
Figure 2.2 shows the growth rates for these parameters, evaluating the Weibel growth rate
in the warm-cold limit (Equation 2.36) for [g,/m,] = 1072 — a charge-to-mass ratio easily
ruled out by other constraints.® The bottom panel in Figure 2.2 shows that the warm-cold
limit is applicable as {¢ < 1 and &, > 1. Unfortunately, two-particle electron collisions
damp the waves excited by the Weibel instability before the instability can grow, except
for large charge-to-mass ratios that are ruled out with other methods. For our choice of
[gy/my] = 1072, the electron-electron collision rate is T, ~ 1 s™1 (shown by the dotted
horizontal line). The growth rate must be in excess of this damping rate in order for the
instability to grow, but Figure 2.2 shows that is not the case for [g,/m,] = 107?: The
growth rate is a factor of few below the collision rate at kpax, the maximum wavenumber
where our calculation for the warm-cold growth rate applies (see Equation 2.37 and the
preceding text). We find that growth can happen faster than collisions at k& ~ kpax only
for [¢,/my] 2 0.1. However, these large [g,/m,] that would be ruled out by our instability

analysis are already easily ruled out by studies that considered just collisions [74, 27, 76].

Bullet Cluster

The Bullet Cluster (1E 0657-56) has famously been used to place some of the strongest
constraints on interacting dark matter models. It consists of two galaxy clusters that are
colliding, where the dark matter of the smaller cluster has passed through the larger (as
indicated by lensing observations), whereas its gas has not passed through and is visibly
shocking in the interior (as indicated by X-ray emission). These clusters have velocity dis-
persions of ~ 2000 km s~! and are streaming through one another with velocity of ~ 4000
km s~! [170]. The ~ 2000 km s~! is from adding in quadrature and dividing by /2 the

1

internal velocity dispersions of the two clusters, which we estimate to be 1500 km s™" and

8Unlike in the other physical situations we consider, for this CMB case we do not show a direct numerical
evaluation of the full dispersion relation, Equation 2.29, however, we note that we were able to find
numerical solutions near k = kmax, verifying our analytic solution in this regime.
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Figure 2.2: Millicharge DM instability growth and damping rates in pre-Recombination
universe/CMB scenario calculated for [g, /m,] = 1072 such that wy, = 7.9 x 10 Hz, with
all other relevant fiducial parameters listed in Table 2.2. Top panel: The black solid line
show the warm-cold Weibel growth rate as a function of wavenumber(Equation 2.36). This
analytic expression applies until approximately kpa.x, indicated with the vertical dashed
black line. The electron-electron collision rate I'to) ~ 1s~! is shown with the dotted black
line. At, [gy/my] = 1072 the collision rate is always larger than the growth rate, damping
the waves excited by the instability before the instability has time to grow. Instabilities
will only occur at somewhat larger values of [g,/m,] than shown, values easily ruled out
by other mDM bounds. Thus, accounting for collective effects does not strengthen mDM
constraints from CMB observations. Bottom panel: Demonstration that the warm-cold limit
used in the top panel applies. This limit holds when [¢,+[ > 1 and |{| < 1, which are both
satisfied.



system | Vi, [km s7Y | o7, [km s7Y | o7 [km s™Y | ne [em ™3] Ix
CMB 4 % 101 negligible 4.6 x 102 1000 1
MW 4 x 102 variable 8.6 x 103 1074 variable
BC 4 x 103 (1-3)x10% | 4.3 x 104 2 x 1074 0.5
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Table 2.2: Fiducial parameters for the three astrophysical scenarios in which dark matter
streaming can occur relative to baryons or other dark matter: The pre-Recombination
universe as observed by the Cosmic Microwave Background (CMB; § 2.3.3), the Milky-
Way (MW; § 2.3.3), and the Bullet Cluster (BC; § 2.3.3). Here, V;,, is the relative velocity
between the baryons and the DM, o7, is the thermal velocity of the DM, o7 is the thermal
velocity of the electrons, and n. is the electron number density of the systems. We discuss
how our results depend on these choices.

2200 km s~ calculated from estimates of their temperatures from X-ray observations [171]
and the virial relation for ionized gas 072“»( = 2kyT/(0.59m;). Given the crudeness of ap-
proximating the two-cluster system as having a single temperature in our calculations, we
consider the instability for the range 1000 — 3000 km s~'. If the Weibel instability can
operate, it would have coupled the dark matter to the gas (or the dark matter to the dark
matter in the case of a dark-U(1) force) and would not be allowed to stream through itself,

as is observed. Thus, we can use this system to place constraints on mDM. We use the

“BC” parameters in Table 2.2 to evaluate the potential for instability.

mDM-induced instability: First, we consider the SM millicharge case, where the system
parameters are in the limit of the Weibel instability for which both the SM particles and
the dark matter are warm (§; < 1). Using Equation 2.32 and Equation 2.1, we can solve for
when the electron collision time is longer than the growth rate of the instability, indicating
the instability can occur. We also solve the full Weibel dispersion (Equation 2.29) using
our numerical method detailed in Section 2.3.1, which agrees well with our derived analytic
solution given by Equation 2.32. This is illustrated in Figure 2.3. We find that [g,/my] 2
104 is excluded if the plasma is unmagnetized. However, galaxy clusters are known to have

micro-Gauss large-scale magnetic fields [115]. In § 2.3.4 we show that this allows for modes
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that grow even faster, resulting in even stronger limits.

Dark-U(1)-induced instability: Next, we consider the case where there is a dark-U(1)
charge with a massless dark photon, but no SM millicharge. This case turns out to be

much more constraining, as the fast motions of electrons don’t damp the instability as in

> 10", that there are

~

the SM millicharge case. In particular, we find as long as [qy/my]
always modes that are able to grow and would reach a nonlinear amplitude in the age of the
system. This is shown in Figure 2.4, which considers a charge-to-mass of [g,/m,] = 10713,
near our claimed constraint. The horizontal dotted line is 103 Hy, the rate required to grow
100 e-foldings in the cluster crossing time, taken to be 0.1(Hg)~! or approximately a billion
years. (The size of the system divided by the infall velocity yields a similar timescale.)
The light blue, medium blue, and black solid lines are our analytic cold-limit estimates for

o, = 1000, 2000, and 3000 km s~L, respectively.

The light blue, medium blue, and black points correspond to the respective velocities
and are numerical solutions to the full dispersion relation. We find these solutions using the
method detailed in Section 2.3.1, with the initial simplex for the numerical method started
around wy = 7, our derived analytic solution given in Equation 2.40. In our fiducial case
where o7, = 2000 km s™!, we are at the borderline of the cold limit with |&,| ~ 1. For
smaller values of o7, we are able to reproduce the cold limit, finding numerical solutions
that are within ~ 20% of 4© until k ~ kpay (given by Equation 2.42), above which the cold
limit, |£;| > 1, no longer holds. This is illustrated by the o7, = 1000 km s~! points in
Figure 2.4, which fall on the corresponding theory curve below kmax. In the fiducial case

where o7, = 2000 km s~1

, we are no longer in the cold limit and [£,| ~ 1 (see bottom
panel of Figure 2.4), but we still find numerical solutions which are within a factor of two
of 4C. As we push to larger values of o7, > 2000 km s~!, where [&,| < 1, our numerical
solution slowly moves away from v©. This shows that the growth rate is not very sensitive
to the assumed cold limit and, hence, our parameter choices. This is in contrast to the

two-stream (longitudinal) instability, which shuts off for o7, /Vj, > 1/v/3 ~ 0.6 [295]. The

Bullet cluster system is likely above this threshold.
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Figure 2.3: Millicharge DM instability growth and damping rates for the Bullet cluster,
calculated for [g,/m,] = 107* such that wy, = 3.5 x 107 Hz, and o7, = 2000 km s~ 1,
with all other relevant fiducial parameters listed in Table 2.2. Top panel: The black solid
line shows the warm-warm Weibel growth rate as a function of wavenumber (Equation 2.32),
the black points are the numerical solutions to the full dispersion given by Equation 2.29.
This analytic expression applies until approximately K.y, where we define 4\, (Equation
2.33), indicated with the vertical dashed black line. The electron-electron collision rate
I, is shown with the dotted black line. At [gy/m,y] = 107* the collision rate is just
slightly larger than the growth rate. Instabilities will only occur at somewhat larger values
of [gy/my] than shown, resulting in our Bullet Cluster constrain [g,/m,] = 107%. Bottom
panel: Demonstration that the warm-warm limit used in the top panel applies. The |§;| =1
horizontal line is shown in black for reference. Indeed, the electrons and dark matter are
warm with |£;] ~ 1079 for the fiducial parameters (see gray curve).



30

The Milky Way system

We briefly comment on the likelihood of instability in the Milky Way halo and other galactic-
mass dark matter halos. In falling dark matter is likely more unstable to Weibel than in
the Bullet cluster system just considered because the velocity dispersion of the satellites or
unvirialzed DM falling onto the Milky Way can be considerably smaller relative to the in
fall velocity, making the DM effective colder and, hence, more unstable. This faster growth
relative to the Bullet Cluster case is likely to hold despite f, for dark matter subhalos in
the Milky Way potentially being smaller than f, = 0.5 that we took for the Bullet cluster,
noting that the scaling of the cold growth rate is just o f;/ 2, (However, for infalling
unvirialized DM, f, could be very small, compromising the instability.) Thus, for the
unmagnetized case, we expect instability happens in Milky Way subhalos in the SM mDM
case for [q,/m,] = 10~ and for the dark-U (1) charge for [g,/m,] = 10713, The constraints
on the former case are even much stronger when we include magnetic fields, as discussed in
§ 2.3.4, and Milky Way-like dark matter halos may harbor ~ 1uG magnetic fields [300].

If instabilities occur in the Milky Way or other galactic mass halos, we expect the dark
matter to behave more like a gas. Behaving like a gas may reduce the triaxiality of the
dark matter halo, and it will also affect the strong constraint on mDM from disk spin-down.

Constraints from these considerations are discussed in § 2.4

2.8.4 Weibel Instability with non-zero background magnetic field

We now turn to the case where there is a non-zero background magnetic field, By. The
presence of the magnetic field introduces magnetic degrees of freedom and timescales (set
by the Larmor frequencies of charged species, see Table 2.1). Beyond this, magnetic fields
make plasmas look colder perpendicular to By, as in their presence, charged particles become
confined; this should help Weibel instabilities to grow on shorter time scales at a given
charge-to-mass ratio. Indeed, [162] showed that mDM-baryon streaming instabilities in
supernovae shocks can be hugely amplified in the presence of magnetic fields. We note that
while we consider the presence of magnetic fields in the mDM case, we do not consider

them in the dark-U(1) case. While there could be some dark-U(1) field which generates



31
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Figure 2.4: The Bullet Cluster system Weibel instability growth rates for dark matter
charged under a dark-U(1) with a massless dark photon. Calculations use [g,/m,] = 10713
and wp, = 3.5 x 10~'2 Hz, considering our fiducial and more extreme velocity dispersion,
or,y, for the dark matter in the merging systems; the extreme values are chosen to show
that our numerical solution slowly runs away from our analytic solution with increasing
velocity dispersion. All other parameters used in the calculation are listed in Table 2.2.
Top panel: The light blue, medium blue, and black points are the numerical solutions of
the full Weibel dispersion relation Equation 2.29 with the o7, = 1000, 2000 and 3000 km
s71, respectively. The light blue, medium blue, and black solid lines show the analytic
solution given by Equation 2.40 in the cold limit for the three respective o ,. Our analytic
approximation overpredicts the growth rate by ~ 20% for o7, = 1000 km s~! up to
k ~ kmax (Equation 2.42; the dashed vertical lines are colored by the corresponding o7,y ),
where the cold approximation used to derive our analytic solution no longer holds. In our
fiducial case where o7, = 2000 km s~!, we are no longer in the cold limit as |€x| ~ 1 but
we continue to find solutions that are within a factor of two of ¥©. When ot = 3000 km
s7! (and for o7, >2000 km s71), |£,] < 1 and we find solutions that slowly depart from
~C. Bottom panel: Evaluation of &y at ~€ shown in light blue, medium blue, and black solid
lines corresponding to o7, = 1000 km s~1 2000, and 3000 km s~!, respectively. The light
blue, medium blue, and black points correspond to §, evaluated at the numerical solution
~C at a given k. This demonstrates the values of or,y that are in the cold limit and those
which are not.
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large scale magnetic fields not diluted by inflation, in the present work, we do not consider
this case.

The magnetized Weibel instability has a homogenous field that is perpendicular to the
direction of propagation. The presence of a perpendicular field is a bit counterintuitive for
the problem at hand, as such a large-scale field would not allow charged particles to stream.
However, when the two systems are streaming through each other (the most applicable
situation being two clusters falling into each other), sometimes the field will be parallel
and sometimes perpendicular. In the perpendicular case, without instability it is likely the
streaming will exert force on the perpendicular field lines that aligns them with the direction
of streaming, as there is so much energy in the streaming dark matter. The presence of
the Weibel instability would not allow this realignment of the large-scale field, as it excites
small scale fields that couple the fluids and likely magnetic turbulence. The other case,
where the field is aligned with the streaming motion, is discussed in the § 2.3.5, where we
find similar growth rates to here.

With this setup, let us now consider the mathematics in various limits. In the cold limit
for all species £; > 1 (and ignoring helium and metals), we can expand the Weibel plasma

dispersion relation, Equation 2.29:

0= k2 — 2 2 w 2 w
c W+ wp, E oy + Wpe REX

2 2 Q2
2 w 9 2,2 WALy
+w —— | + frwi VK ———— 2,
PX <w2_9%,x> fX pPx ¥ bx (WQ_Q%’X)Q

(2.43)

The cold or marginally cold limit when & 2 1 is the only interesting limit, as the effect
of magnetic fields is to make the plasma appear colder and enhance instability. Let us
additionally take the limit where w < Qr,;, as we anticipate Weibel-like solutions with
small growth rates, such that the sum over the baryonic species term reduces to:

Y e — 1 (g
> wpb<ijQL,b>NbZ O < —w/ L,b>,
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where we have used that ¢.- = —¢;+ and ngj/QL,j = 4mnjqjc/ By, where By is the ho-
mogeneous background magnetic field oriented along the direction of the perturbation and

orthogonally to the streaming motion. Equation 2.43 becomes:

2 2 w2 +QZ
0:c2k2—w2<1+c> bl ) A VR Lx (2.45)
U124 X\ 2 — Q%,x X*px "bx (w2 _ Q%,X)Q

We now consider two limits of this equation. First, in the very low frequency limit where

w <K €, y, the previous equation becomes:

c? w \? fxw2 VbZ k? w?
0=ck*—w? <1 + 2) —wi, (9 > + ;;; . <1 - 3Q2>, (2.46)
/UA L»X L,X L,X
which has solution
w2 V32 2 w2 3fywi V2 k2
W? = <c2+ D Vi £ bx)k2/(1+62+ S AL > (2.47)
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We can derive a criterion on the maximum wavenumber where our solution holds by requir-

ing fj =1:

K2, = [(1 Loy w;* > - < 2l fx;ugx?’%‘>]/<3fxw§vai). (2.48)
vy QL,X oT QL,XJT,J' QL,X
Unfortunately, there are no modes which yield imaginary solutions to Equation 2.47 and
simultaneously obey Equation 2.48. We conclude that this very low frequency limit does
not yield an interesting solution.

Next, we consider the opposite higher frequency limit where Q,, < w. In this limit

Equation 2.45 becomes

2 w2 V2 k?
0:02k2—w2<1+c2> _ngJrfxlf’Xifx, (2.49)
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which has solutions:
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which again yields the ordinary cold Weibel growth rate given by Equation 2.40 in the limit
that the second term under the square root is small compared to the ¢?k? — wax term and

for the purely imaginary root. Thus, this limit also does not yield an interesting solution.
Since we were unable to find interesting solutions in the previous limits, we consider
the marginally cold case where w ~ i)y, . Unfortunately, in this case a similar analytic

approach is not possible, and instead we are forced to search blindly for numerical solutions.

Of the situations we consider, the presence of a large-scale magnetic field is most mo-
tivated for the Bullet Cluster, as one does not expect the Recombination era gas to be
strongly magnetized. We use By = 1uG, as observations show that cluster magnetic fields
are at the uG level [115]. We initialize our numerical method as detailed in Section 2.3.1
around the order-of-magnitude guess wg = i€, . This guess is motivated by the mDM-
baryon streaming instability growth rates found in [162] in the case of supernovae shocks.
However, fortuitously, this guess does find interesting solutions: We find solutions with
growth rates exceeding the electron-electron collision rate down to [gy/m,] = 10711 (right
upper panel of Figure 2.5). However, when [g,/m,] < 107!2 (upper left panel of Figure
2.5), the electron-electron collision rate exceeds the growth rate of the instability such that
collisions will damp the instability. Thus, we find [q,/m,] 2 10713(By/pG) is excluded if
the plasma is magnetized, seven orders of magnitude lower than when the mDM-plasma is

unmagnetized as detailed in Section 2.3.3.

2.3.5 Firehose Instability

In the case where the mDM propagation direction is parallel to the background magnetic
field, By (i.e. Vi, || Bo), we expect the enhancement of EM perturbations to give way
to a beam-fire hose instability. Physically, the firehose instability is induced by a back
reaction against the centrifugal force as charged baryons and dark matter move along curving
magnetic lines of force. The result of the instability is likely plasma turbulence, with the
beam coupled to the background plasma.

A small perturbative field B redirects charged particles with a Lorentz force and pro-

duces a drift current in the direction of V x B [202]. In this case, the dispersion relation is
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Figure 2.5: Numerical evaluation of Weibel dispersion for the Bullet Cluster system for the
parameters in Table 2.2, at o7, = 2000 km s~!, and assuming a background magnetic field
with By = 1pG as motivated by cluster observations. The left panel assumes [g,/m,] =
10~'2 such that Wpy = 3.5 X 10~"Hz and Qry = 9.6 x 10~'Hz, and the right panel
[@y/my] = 107 such that wyy, = 3.5 x 10719 Hz and Qr,, = 9.6 x 10~ Hz. Top panels:
The black, solid line corresponds to our initial guess frequency, wg = i€}y, ,, when solving
the magnetized Bullet Cluster dispersion case numerically. The numerical solutions are
relatively stable when wavenumber is between 0.1 — 10[wp,/c] and peak with maximum
growth rates of Ymax ~ Q. When [gy/m,] = 10712, [ee, is larger than ymax, and the
Weibel instability is unable to grow. However, ymax > I'% for [g,/m,] = 10711, which sets
our lower bound on the charge-to-mass ratio of y for the magnetized BC. This lower bound
is approximately seven orders of magnitude lower than the unmagnetized Bullet Cluster
bound we set in § 2.3.3. Bottom panels: Evaluation of &; at vynum for all participating
species j. Since we find [{;| < 1, the analytic approach taken elsewhere would not work to
find these solutions.
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given by [105, 162]

_ Pt _ 212 2 2 w 2 (W= kVix
0=D"(k,w) =ck” —w” — Z wpb<kaTb>Z(§b) - Z wp,s<k_o_TX Z(&s)
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(2.51)
where & = (w £ Quy)/korp and & = (w — kVi £ Qus)/kor, and Z(&;) is the plasma
dispersion function defined in equation 2.17.

We again consider the Bullet Cluster with a background magnetic field of By = 1uG. In
this case we considered only numerical solutions with v ~ i€}y, , as in [162]. Indeed, solving
Equation 2.51 numerically, we find numerical solutions with ymax = €21, over orders of

magnitude in [g,/m,] down to [g,/m,] ~ 107. Below this, we find electron-electron

collisions, given by Equation 2.1 damp waves excited by the instability.
2.4 Effects of plasma instabilities on previous constraints

Some of the strongest constraints on mDM arise from the interaction with magnetic fields
in galaxies, possibly spinning down the galactic disk [279], and magnetic fields in clusters,
potentially resulting in different halo profiles [131]. The plasma instabilities we have consid-
ered excite strong small-scale magnetic fields, which may alter these constraints. We briefly

comment on these constraints in light of our results.

2.4.1 Halo Profile Constraints

Ambient magnetic fields could change the radial density profiles of galaxy clusters for the
case of mDM. Indeed, [131] claims the strongest constraints on mDM by requiring the mDM
gyro radius for observed cluster ambient magnetic fields of ~ 1 uG exceed the ~ 1 Mpc size
of a galaxy cluster.

Dark matter-baryon plasma instabilities, excited as dark matter falls onto the galaxy,
would increase the dark matter baryon coupling and perhaps strengthen any deviations
from the collisionless-limit NF'W halo profiles. For example, if the instability was induced,
the ambient small-scale magnetic field strength could increase causing the gyro radius, 7z,

to decrease further. Then, to maintain the inequality 77, 2 1 Mpc from [131], the derived



37

bound on [¢,/m,]| would decrease. On the other hand, it is unclear to us that even the
hydrodynamic limit (small gyro radius) is ruled out, as hydrodynamic-only simulations
produce similar profile halos to NFW e.g. [186]. So, we avoid deriving constraints from
halo radial profiles.

Another interesting constraint owes to the observed asphericity of galaxy clusters. Sim-
ulations show that galaxy clusters should be more spherical if the dark matter is interact-
ing, which may be in conflict with observations [207]. Even in the hydrodynamic limit of
many interactions, the timescale for a sound wave to cross the virialized system and restore
isotropy is still the dynamical time, the same timescale for a collisionless system. Thus, this
constraint relies on the O(1) difference in the exact anisotropy-damping timescale for an
interacting and truly collisionless system. Whether constraints apply to saturating plasma
instabilities, which for example may not be exactly the hydrodynamic limit, is unclear. Ad-
ditionally, for mDM, anisotropy could be further enhanced by astrophysical feedback, which
will have more of an effect on the dark matter since the dark matter is more coupled to the
gas. This enhanced coupling could perhaps even play a role in the coring of dwarf galaxy

halos and the cusp-core problem e.g. [24].

2.4.2 Disk spin-down constraints

It was argued in [279] that as mDM passes through the interstellar medium (ISM) disk
of spiral galaxies, the mDM will be deflected by embedded ordered magnetic fields. In
particular, it is argued that as mDM passes through the disk of a spiral galaxy, it will be
deflected by the magnetic fields and thus angular momentum will be exchanged between
the rotating ISM and the slowly rotating mDM halo. This exchange would then cause the
entire ISM disk to spiral inwards, in contrast with observations, allowing for constraints
to be placed on the charge-to-mass ratio of mDM. Stebbins [279] considered the case of
ballistic trajectories into the Milky Way disk, deriving the tight bound

O o qo-t2 (M (v N\ (G (kpe
e 2 <mp> <3oo km s—l) ( B ) (EB ) (2.52)

where {p is coherence length of galactic magnetic field. This bound is roughly set by the

dark matter having a Larmor radius comparable to the width of the Galactic disk for a
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~ uG Galactic magnetic field.

If plasma instabilities couple the dark matter to the gas within halos, the natural sat-
uration of such instabilities is likely with the magnetic field coming into kinetic energy
equipartition with the gas, which in the Milky Way halo results in B ~ /6mnkTyi, ~ 1uG.
(Equipartition magnetic fields may also be generated by astrophysical processes.) The dark
matter then diffuses through the resulting magnetic inhomogeneities, rather than traveling
ballistically through the Galactic disk as assumed in [279]. The Weibel instabilities excites
small scale magnetic inhomogeneities, below the Larmor radius of the dark matter. The
later nonlinear stages of the instability likely lead to turbulence and a very inhomogeneous
magnetic field, and we assume there is some component that points in different directions
on the scale of the dark matter Larmor radius. In this circumstance, a simple picture for
how the dark matter travels takes that the dark matter scatters in a different direction
each time it traverses its gyro-radius leading to the estimate D, ~ v,rr, for the diffusion
coefficient, where rr, = mycv,/[q,B] is the DM gyro-radius. Plugging in values yields

D 14 % 1072 kpe? Gyr ™! (5o )2 o/ \ (B (2.53)
= V4T = 1. C T — . .
XTLx PV 200 km 51 10-8 1 4G

The mechanism of [279] uses that the ISM baryons in the galactic disk transfers its
angular momentum to the halo. In their case, they considered ballistic trajectories for
which dark matter travels from far out in the halo into the disk. Instead, especially if
instabilities like those considered in this paper occur (although a tangled magnetic field
from astrophysical processes can do the same), the dark matter diffuses through the halo,
exchanging momentum between adjacent regions and bringing them into solid body rotation.
For substantial spin-down of the disk, we need ~ 10% of the dark matter to come into solid
body rotation with the disk, since ~ 10 percent of the mass in our halo is in the disk. Very
roughly, this requires the inner R ~ 30 kpc to come into solid body rotation (i.e. assuming

a 72 profile that extends out to 300kpc), which occurs over a timescale of

R? R 2 Uy =2 (g, /my] B
g ~ T 2.54
Tsolidbody ~ 75 = 70 Gy <30 kpc) (200 km s—l) ( 10-11 ) <1 MG> (2:54)

Equating this with the ~ 10 Gyr age of the Milky Way and evaluating at our fiducial values

of R ~ 30 kpc and vy, ~ 200 km s~ millicharges with [q,/m,] = 10712 may not be ruled
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out by disk spin-down. We conclude that much of the parameter space ruled out by [279]
could be affected by halo magnetic fields leading to the dark matter taking more diffusive

trajectories and, hence, slowing spin-down.
2.5 Dark matter with dark and millicharge

When the dark matter has both a dark and millicharge, the dispersion relation for the right
and left circular electromagnetic modes is even more complicated but can be calculated
from the determinant of the dielectric tensor to find modes that satisfy D;;E; = 0, where
Ea = (ET,E~,ET,E7) where € is the dark electric field in the left and right circular

polarization basis and

@ — k*(Sdy + SY) 0 —k*QSy 0
0 % — k*(Sqy + Sy 0 —k2QS;
D= @7 = B (S 55 @5 (2.55)
—k2QS 0 @? — K*Q*SY 0
0 —k?QSy 0 @? — k*Q*S;

where &? = ¢?k? — w?. To satisfy our equation D;;E;j = 0 for some Ej requires 0 = det(D),

which reduces to the dispersion relation
0= [k? — w® — K*(Sgy + ST)] [*K? — w® — K*Q*ST] — k' Q*(Sy)?, (2.56)

where the S* can be identified from our dispersion relations for the Weibel and Firehose
cases (Equations 2.29 and 2.51), as these previous dispersion relations are derived from
the determinant of the upper 2 x 2 quadrant of D, and the @ is the ratio of the dark
matter’s dark charge to its SM charge. Note that the dark electric field terms have the
same polarization for the & as the particle paths are still shaped by the background SM
magnetic field. (If the dark matter has no SM charge, then €, , = 0 and this appendix is
not relevant.) Equation (2.56) has the familiar form of the dispersion relation we used for the
millicharged case, times that for the dark-U(1) case, but then minus a cross term kQQQS; .
If we can neglect this cross term, then we can safely consider the limit of millicharged or

dark instabilities, as done in the main paper. This of course can be done for () = 0 but also
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the limit of Q = 00.”

For the Weibel S*, the dispersion relation becomes
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where we now distinguish between the dark and SM plasma frequencies for the dark matter
with superscripts ‘SM’ and ‘dark’. This has the form of the dispersion relationship we solved
for the millicharged case times the dispersion relation we assumed for the dark case, minus

a cross term.

For a purely dark instability to hold we require 72, > [k?S)max Where ‘max’ indicates
that we are checking at the fastest growing mode where k ~ w,, /c for our unmagnetized
Weibel, such that the zero is approximated by the solution to the dark case. This reduces to
the intuitive condition ¢ > 1 for the unmagnetized cold Weibel. Thus, only when the dark
charge is much greater than the SM millicharge is our dark Bullet Cluster constraint valid.
Similarly, 72, > Q*[k*Sy]max for the SM electromagnetic instability. This condition can
be used to put limits on what dark charges are allowed to not damp our mDM instability, the
most relevant case being the magnetized Weibel. While we do not investigate this condition
in detail, our mDM constraints are only valid with the dark charge is either zero or very
small such that () < 1. Since zero is most likely since mDM models where the millicharge
is created by a slight mixing with a dark charge generate a significant (), we consider our

mDM constraints only valid for dark matter with pure SM charge.

9To take the Q = oo limit, note Q”Sf goes to zero for n < 2 and is finite for n = 2 such that Equation 2.56
reduces to multiplying two independent dispersion relations, one for the dark matter and the other for the
baryons.
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2.6 Dark Charged Dark Matter Discussion

Our main findings are summarized in Figures 2.6 and 2.7 along with constraints derived in
previous works. Starting with mDM constraints in Figures 2.6, the solid teal line in Figure
2.6 shows the required mDM charges and masses for freeze-in production of all the dark
matter. Freeze-in is a scenario where the DM is created from the byproducts of annihilation
of SM particles after inflation and before matter-radiation equality [50, 75]. The dark
gray regions in Figure 2.6 represent collected bounds on mDM production. Bounds from a
dedicated beam dump preformed at SLAC are shown for charges ¢, > 1075¢, [219]. Stellar
energy losses due to the emission of mDM pairs by plasmon decay would have reduced
the neutrino pulse of SN1987A, owing to constraints derived in [46]. Low mass constraints
from anomalous cooling from the emission of mDM from white dwarves, red giants, and
horizontal branch stars are shown and labeled as stellar cooling [302]. Additional constraints
are shown from CMB decoupling [152, 174], and electron and nuclear recoil direct detection
in Xenon10/100 [82, 83] and Xenonl1Tc, respectively. Above the gray dashed line, Stebbins
[279] argues [gy/m,] is robustly constrained by ballistic mDM, ISM spin-down. However,
in Section 2.4.2, we conclude that when [g,/m,] = 1072, mDM could be affected by
halo magnetic fields, leading to mDM taking diffusive, rather than ballistic, trajectories as
assumed in [279], pushing the constraints from Milky Way spin-down to the band between
the dashed gray line and the solid black line. Above the white solid line, we show our
weaker unmagnetized-Weibel constraint derived earlier in this work (§ 2.3.3) in the absence
of a magnetic field. Our more realistic, magnetized exclusion region from electromagnetic
streaming instabilities derived are indicated by the pink shaded region above black solid
lines, where the mDM charge-to-mass ratio (g, /m, ]| is sufficient to drive Weibel instabilities

in the Bullet Cluster when the magnetic field is 1 4G, consistent with observations (§ 2.3.4).

Now turning to dark-U(1) constraints detailed in Figure 2.7. The gray shaded regions
show constraints from 2 — 2 Coulomb collisions that would significantly impact DM ha-
los [160]. The shaded region labeled “decoupling” show constraints from [124] derived by
considering kinetic decoupling. Specifically, the authors obtain a temperature of kinetic

decoupling, Tii,, by equating the Hubble rate to the Compton scattering rate for the dark
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Charged Dark Matter Bounds
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Figure 2.6: mDM bounds in the g,—m, plane. Above the white and black solid lines, the
mDM charge-to-mass ratio [gy/m,] is sufficient to drive Weibel instabilities in the Bullet
Cluster when the magnetic field is 0 and 1 pG, respectively. Since 1 pG is inline with
observations, we consider the latter much more stringent constraint to be our most realistic
and, hence, the pink shaded region indicates our exclusion region. Above the upper dashed,
gray line, Stebbins [279] argues [g,/m, ] is robustly ruled out as the mDM would spin-down
the Milky Way ISM. In Section 2.4.2, we conclude that when [g,/m,] = 1072, mDM could
be affected by halo magnetic fields, leading to mDM taking diffusive, rather than ballistic
trajectories as assumed in [279], pushing their constraints below the black solid line to the
gray dashed line. The solid teal line represents the parameter space for freeze-in production
of mDM, where annihilation of SM particles gives rise to the abundance after inflation and
before matter-radiation equality [50, 75]. The gray shaded region shows previous constraints
on the existence of mDM by the SLAC mDM experiment [219], stellar cooling [302], and
supernova 1987a [46]. Additional constraints are shown from CMB decoupling [152, 174],
and electron and nuclear recoil direct detection in Xenonl0/100 [82, 83] and XenonlTec,
respectively.
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U(1) Dark Matter Bounds
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Figure 2.7: Bounds in the g, —m, plane on dark matter that is U(1) charged with a massless
dark photon. In the pink shaded region above the solid black electromagnetic line, the dark-
U(1) DM charge-to-mass ratio is sufficient to drive Weibel instabilities in the Bullet cluster
system as detailed in section 2.3.2. This instability was considered previously in [160] in the
cold limit and we showed that it still grows sufficiently fast in the warm limit. Also shown is
the electrostatic instability growth rate [160], which can grow faster by a factor of ¢/ V4, 5, but
we argue is a less robust constraint in the Bullet cluster. The gray shaded Coulomb region
represents the parameter space where 2 — 2 Coulomb collisions would have a significant
impact in DM halos as detailed in [160]. The solid gray shaded region is disfavored by
kinetic decoupling constraints detailed in [124]. While our solutions considered a massless
dark photon, we note that these results should hold for a massive photon whose Compton
wavelength is larger than the length scale of the instability, ~ ¢/wp,.



44

plasma. They then require that decoupling happens above Ty, > 640 eV, so that DM-
dark radiation coupling only significantly influences CMB multipoles above [ > 2500. The
pink shaded region above the solid black Electromagnetic Bullet Cluster line represents our
derived constraint on the dark-U(1) DM charge-to-mass ratio that is sufficient to drive un-
magnetized Weibel instabilities in the Bullet cluster system. These constraints corroborate
the earlier bounds of [160, 1], and further serve to confirm these results by showing that the
growth rate of the instability in the cold limit (Equation 2.40) is a reasonable approximation
for the numerical parameters consistent with the Bullet Cluster (e.g. values listed in Table
2.2). This is even though the Bullet cluster systems parameters is only at the borderline
of the cold limit. We further showed that even for higher velocity dispersions than seem
reasonable for this system, the growth rates do not change so significantly, indicating the
robustness of the linear Weibel instability to the assumed parameters

However, the strongest constraints on dark-U (1) DM come if electrostatic instabilities are
able to couple the counter-streaming momenta. Electrostatic instabilities grow faster than
the electromagnetic instabilities by a factor of ¢/V4 ., or ~ 1000 in the Bullet cluster system.
An estimate for the parameter space ruled out by electrostatic instabilities assuming 100
efoldings charge-to-mass ratios is given by the black line shown in Figure 2.7 [160]. However,
electrostatic instabilities, like the two-stream, generally saturate by flattening the bump
on the tail of the distribution. Such saturation may occur before substantial momentum
exchange e.g. [295]. In addition, such instabilities will not grow at all if o7, /V4, > 0.57
[295], where the Bullet cluster system is near equality. Thus, the electromagnetic Weibel
instability considered here may be more robust.

Finally, we briefly discuss the general case when the dark matter has both a dark and
millicharge. The dispersion relations are worked out for this possibility in Appendix 2.5.
We find that for the purely dark Weibel dispersion relation to apply, as we had considered
in § 2.3.3, the ratio of the dark matter’s dark charge to its SM charge, (), must satisfy
@ > 1. Thus, our dark Bullet Cluster constraint is only valid if the dark-U(1) charge is
much greater than the SM millicharge. On the other hand, our mDM constraints are only
valid when the dark charge is either zero or very small, such that ) < 1. Zero is most

likely case since mDM models where the millicharge is created by a slight mixing with a



dark charge should have a significant ). See Appendix 2.5 for more discussion.
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Chapter 3

SELF-INTERACTING DARK MATTER AND THE DELAY OF
SUPER MASSIVE BLACK HOLE GROWTH

Few cosmological simulations with baryons and SIDM exist to date with most work
focusing on dwarf galaxies given the tensions with observations at this mass scale (see 1.3).
[304] examined MW-mass simulations of SIDM with a single DM particle which was allowed
to interact with itself and with a massless neutrino-like fermion (dark radiation) but did
not include baryons. More recently [69] compared MW-mass galaxies, as well as lower mass
galaxies, from cosmological volumes with side lengths of 8 Mpc in CDM and SIDM with
an interaction cross-section of 10 cm?/g and found that at low-z the most massive SIDM
SMBHs in galaxies were routinely off-centre from their hosts unlike the CDM SMBHs which

remained at their hosts centre.

In this chapter, I expand on the work of [69] by using simulations with baryonic physics
and physically motivated models of SMBH formation and growth through mergers [289]
(hereafter T15) and accretion [291] (hereafter T17) to study the effects SIDM has on the
formation and evolution of SMBHs and their MW-mass host galaxies. MW-mass galaxies
are a particularly interesting place to examine SIDM’s effect on SMBH growth because
these galaxies may or may not be quenched and straddle the regime where SMBHs start
to suppress star formation. Unlike [69] we used a much lower SIDM cross-section of 1
cm?/g and examined SMBH formation and the temporal evolution of SMBHs and their
host galaxies in CDM and SIDM cosmologies, starting from high-z. This is important given
that the early universe is much denser than today, and thus the SIDM interaction rate
peaks at high-z [235]. Still more, in the early universe, the formation of DM cores due to
bursty SNe feedback detailed in BF15 are not present for the galaxies we considered given
that they have stellar masses less-than or equal to 10°M, the threshold for star formation

to start to core DM haloes (see Figure 7 of [113]). Thus, the distinct effects of SIDM are
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preserved.

The organization of this chapter is as follows: in Section 3.1 we will detail the physics
integrated into our suite of simulations. Section 3.2 will detail our results with a discussion
of differences in CDM vs. SIDM cosmologies, including star formation and gas content
3.2.1, SMBH formation 3.2.2 and eventual growth through mergers and accretion 3.2.3. In
section 4.4 we will discuss the implications of our study as well as summarize and conclude

the paper.

3.1 Simulations in ChaNGa

The simulations examined in this paper were run in a fully cosmological context to z = 0.
However, in this chapter I will focus on the evolution from z = 20 to z &~ 0.8, as this time
interval is where we see the biggest differences in SMBH growth and star formation in the
CDM vs. SIDM runs. Furthermore, all simulated zoom-in galaxies quench near or at z ~
0.8, and remain quiescent for billions of years. Further, all galaxies have formed Z 90% of
their total stellar mass by z ~ 0.8.

The simulations were run using Charm N-body GrAvity Solver (ChaNGal), a smoothed
particle hydrodynamics (SPH) N-body tree code [177]. ChaNGa is a successor of GASO-
LINE and thus includes the same models for low temperature metal line cooling, self shield-
ing, star formation (using a Kroupa IMF) [153], “blastwave” SNe feedback, and cosmic UV
background [312, 313, 282]. The SPH implementation also includes thermal diffusion [263]
and eliminates artificial gas surface tension by using a geometric mean density in the SPH
force expression [233, 177, 113, 314]. This addition better simulates shearing flows with
Kelvin-Helmholtz instabilities.

In all simulations, we assumed a A dominated cosmology (2, = 0.3086, 24 = 0.6914,
h =0.67, 0g = 0.77) [209] and used the “zoom-in” methods described by [213]. All simula-
tions are run with a Plummer equivalent softening length, ¢ = 250 pc and mass resolution
of 1.4 x10° Mg and 2.1 x10% M, for DM and gas particles, respectively. We used two DM

models: the standard CDM model and an SIDM model with a constant interaction cross-

Lwww-hpcc.astro.washington.edu/tools/changa.html
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section of oqy, = 1 cm?/g. We re-simulate two of the MW-mass galaxies (Myi, ~ 7x 101 M
at z = 0, see Equation (4.2)) presented in [252] with SIDM (their GM2 and GM3 galaxies).
As the GM moniker suggests, these galaxies are part of a series constructed using “genetic
modification” [243], in the case of GM2 and GM3 this allows us to robustly test the effects
of SIDM on SMBH formation and subsequently, star formation. Specifically, we simulated
GM3 (which has quenched star formation) in order to examine strong effects of SMBHs,
which play a large role in quenching galaxies [216]. GM2 (also quenched) allows us to check
for sensitivity to small changes. The GM runs considered have almost identical histories
but differ due to an altered satellite population, which results in a different rate of accretion
at early times; for more information see [252]. Our use of GM2 and GM3 allows us to
specifically verify that our SIDM results are robust to this aspect of the assembly of a halo.
In this paper, we use the same nomenclature as [252] for the CDM galaxies, i.e, GM2, GM3
and append ‘SI1’ (i.e. GM3SI1, etc.) for the counterpart simulations run with SIDM with
an interaction cross-section of gy, = 1 cm? /8.

After running our simulations we extract all of our main haloes and sub-haloes using

the AMIGA halo finder [146]. We calculate the virial mass of haloes as:

vir

4
My = gwAhﬁRS (3.1)

where p is the critical density of the Universe, Ay, = 200 is the over-density threshold, and

Ryir is the halo virial radius.

8.1.1 Self-interacting Dark Matter Physics

The SIDM implementation used in our simulations closely follows the standard Monte Carlo
method described in detail in BF15. We briefly describe the features of this model here and
refer the reader to BF15 and references therein for details. SIDM interactions are modeled
under the assumption that each simulated DM particle represents a patch of DM phase-
space density and that the probability of collisions is derived from the collision term in the
Boltzmann equation. Collisions are elastic and explicitly conserve energy and momentum.
When a particle collision is detected, particles are isotropically and elastically scattered to

random angles. For a detailed discussion see also [239] and [151, 328, 72, 305, 137]. The
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SIDM interaction rate of particles will vary with local DM density pqm(r, 2), cross-section

o4m and velocity dispersion v(r, z) as

Lsi(r, 2) = pdm (7, 2)v(7, 2)0dm (3.2)

up to a O(1) constant [239]. Collisions between SIDM particles result in energy exchange,
which heat the halo centre until it becomes isothermal [12, 55, 151].

The SIDM cross-section o4, must adhere to several astrophysical observations, including
the necessity of forming DM cores in faint galaxies without the over-evaporation of MW-mass
galaxy satellites or galaxies in clusters and maintaining the elliptical shape of haloes and
clusters [94, 110, 207, 234]. Utilizing SIDM-only simulations with these observations in mind,
authors have found the relevant range to impact galaxy evolution and avoid upper limits
to be 0.1 cm?/g < oqm < 1 ecm?/g for velocity-independent cross-sections [305, 207, 239,
303, 331, 304, 60]. A velocity-dependent cross-section could ease the constraints on oqy, by
allowing DM to behave as a collisional fluid on the scale of dwarfs, and more collision-less at
the scale of clusters [328, 55, 80]. Velocity-dependent cross-sections can also influence when
the SIDM interaction rate peaks as a function of redshift [235]. Further, a velocity-dependent
cross-section allows for a value of 3 cm?/g in the range of rotational velocities explored in
[230] and [138]. Beyond the development of the gravothermal catastrophe of SIDM haloes,
very large cross-sections at dwarf scales are in principle not ruled out. Velocity-dependent
cross-sections with large values at dwarf scales produce distinct circular velocity profiles of
the lowest mass galaxies compared to the constant cross-section model [332]. The interaction

cross-section gy, for all SIDM runs in this work was set to 1 cm?/g.

3.1.2 Star Formation

Since this paper is largely focused on star formation, we review here in more detail the star
formation prescription [282] and parameters (T17) used in our simulations.

Gas particles are allowed to form stars in our simulations if they surpass minimum
density (n,) and maximum temperature (7y) thresholds. The probability of creating a

star particle from gas with dynamical time t4,, and characteristic star formation time, At,
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assumed to be 10° years is given as:

p= Mgas (1 o eC*At/tdyn) (33)
Mestar

where ¢, is the star formation efficiency. Further, star formation is regulated by the fraction
of SNe energy that is coupled to the ISM, our star formation efficiency (c), and our density
and temperature thresholds. The values we have adopted for our sub-grid parameters are

as follows:

star formation efficiency c, = 0.15

Gas density threshold, n, = 0.2 cm 3

Gas temperature threshold, T}, = 10* K

SNe energy coupling efficiency, esn of 75 percent

SNe feedback adopts a ‘blastwave’ implementation [282] and gas cooling is regulated by

metal abundance as in [119].

3.1.8 Black Hole Physics

Our simulations also include SMBH formation and improved SMBH accretion and feedback
models which explicitly follows the orbital evolution of SMBHs (T15; T17).

The SMBH seed (with seed mass of 106 Mg) formation is connected to the physical
state of the gas in the simulation at high-z, without assumptions about the halo occupation
fraction. SMBHs seeds form in the early universe if the gas particle has already met the

star formation thresholds (see Subsection 3.1.2) and additionally has:
e Low metallicity ( Z < 3 x 107%)
e Density 15 times that of the star formation threshold (3 cm™3)

o Temperature between 9500 and 10000 K
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This seeding method allows SMBHs to naturally populate galaxies of different masses.
Seed SMBH formation is limited to the highest density peaks in the early universe with
high Jeans masses and to gas that is cooling relatively slowly, thus approximating SMBH
formation sites with those predicted for SMBH seed formation [309]. This seeding method
forms most SMBH seeds within the first Gyr of the simulation, which allows us to follow
SMBH dynamics throughout the assembly of the host halo, even for small haloes.

Another important improvement in the SMBH model utilized in these simulations is the
treatment of dynamical friction, the gravitational wake of a massive body moving in the
extended potential of a medium, which will cause the orbit of SMBHs to decay towards the
centre of massive galaxies [45, 26]. Previously, authors have used analytic expressions to
compute the dynamical friction timescale tq¢ of rigid bodies merging in the centre of galaxies
[286, 32], demonstrating that this timescale can easily exceed several Gyrs [70, 265, 257]. The
advection technique repositions and forces SMBHs to the galaxy centre during merger events
or during satellite accretion, and therefore lacks realistic sinking timescales for SMBHs
within galaxies. In this work we instead use a prescription of dynamical friction which
explicitly follows the orbital evolution of SMBHs, introduced by T15. This prescription
utilizes a sub-grid approach for modeling unresolved dynamical friction on scales smaller
than our gravitational softening length, adding a force correction to the SMBH acceleration.

The SMBH then experiences a dynamical friction force according to:

v
Fy = _47TG2MBthost(< UBH) In (A)% (34)

UBH
where Mgy is the mass of the SMBH, vgy is the speed of the SMBH relative to the local
centre of mass velocity, pnost(< vpn) is the density of the host background particles with
velocities less than the vpy. The Coulomb logarithm, In(A), depends on the minimum
and maximum impact parameters such that In(A) ~ In(byax/bmin). Given that dynamical
friction is well resolved at scales above a softening length we take the maximum impact
parameter, by.x ~ € to avoid double counting. The minimum impact parameter, by, is
taken to be the minimum 900 deflection radius with a lower limit set to be the Schwarzschild

radius (see T15 for more details). This acceleration from Equation (3.4) is added to the
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SMBH'’s current acceleration and integrated in the following time step. The resulting sinking
timescale tq¢ will thus depend on the density of the surrounding galaxy, and on the mass
and velocity of the SMBH itself. T15 showed that this technique produces realistically
sinking SMBHs. Correctly accounting for this timescale can lead to SMBH pairs that exist
at kpe-scale separations for several Gyrs [290]. In CDM simulations, it is possible to have
“wandering” SMBHs with sinking timescales longer than a Hubble time [18, 17, 293], an
effect that can be exacerbated by the lower central densities caused by SIDM [69].

The SMBHs in our simulation also obey a modified Bondi-Hoyle accretion, which ac-
counts for the rotational support of the surrounding gas. Our SMBHs accrete according to

T17:

1
u
MBH = Om'(GMBH)Qp X
Cg <
R RV Upulk < Vg
(v + c2)? ' (3.5)

1 < Ty
where p is the local gas density, and ¢ is the sound speed of the gas. Values for density and
temperature of nearby gas are estimated from smoothing over the 32 nearest gas particles
and accretion is not allowed to occur from gas particles farther than 4 x e. The tangential
velocity, vy, is derived from the resolved kinematics of nearby gas particles and compared to
Upulk, the overall bulk motion of the gas. When either the bulk motion or internal energy of
the gas dominates over rotational motion, the accretion model converges to the Bondi-Hoyle
prescription. In either case, we add a boost factor, «a, calculated by comparing the density
of nearby gas particles to our star formation density threshold. This is considered to be the
threshold beyond which our simulation no longer fully resolves the internal structure of gas.
For lower densities, we assume that the gas is not sufficiently multiphase to require such
a boost, as in [29]. How much this boost increases with density is governed by f, a free
parameter, which is set to 2, as is discussed in section 5.5 of T17. This accretion prescription

will thus naturally limit accretion of SMBHs that form in unfavorable environments such
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as in dwarf galaxies.

Energy from accretion is then isotropically transferred to nearby gas particles with a
technique similar to the blast wave SNe feedback of [282]; i.e., gas cooling is turned off
for the gas particles immediately surrounding the SMBH, which resembles the continuous
transfer of energy during each SMBH time step. This cooling shut off is only for a single
BH time step (typically 10*-10° years) and has been shown to result in large scale outflows
that can quench star formation in massive galaxies and enrich the circumgalactic medium

[216, 292, 252]. The rate at which energy is coupled to the surrounding gas particles is given

by,

Fpn = er6¢ Mppc? (3.6)

where MBH is the accretion rate defined in Equation (3.5) and ¢, = 0.1 and ¢ = 0.02 are
the radiative and feedback efficiencies, respectively, and c is the speed of light.

It should be noted that the sub-grid parameters used in this work to regulate star
formation and feedback from SMBHs and SNe were optimized against a comprehensive set of
z = 0 ACDM galaxy scaling relations using a multidimensional parameter search as detailed
in T17. It is important to note that the sub-grid physics have in no way been optimized to
produce any characteristics at high-z, making all the high-z evolution of SMBHs in these
simulations purely predictions of the simulation. Finally, the SIDM simulations were run
with the same subgrid parameters found in T17 which were optimized to a set of ACDM
simulations. Nevertheless, we find that our SIDM simulations remain compatible with the
M.,-Mpg relation and thus may not demand re-calibration in SIDM, but it should be noted

that this was not known a priori.

3.2 Self-Interacting Dark Matter Galaxy Formation Results

In this section, we examine the star formation and gas content of CDM vs. SIDM simula-
tions, and how gas content is connected to the activity of SMBH and SNe feedback. The
formation of SMBHs in CDM and SIDM is considered, as well as the growth of the central

SMBH in the largest progenitors of what become the main MW-mass galaxies at z = 0. We



54

detail the growth of the central SMBH through mergers and through accretion. Differences
in SMBH feedback are then examined along with the connection between SMBH feedback

and star formation.

3.2.1 Star Formation and Gas Content

When comparing star formation histories (SFHs), we include only the most massive pro-
genitors of the main haloes in each simulation at z = 0, excluding star formation from
satellites. We see stark differences between the SFHs of MW-mass galaxies that clearly
depend on the assumed DM physics as illustrated in Figure 3.1. The zoom-in simulations
with CDM (GM2 and GM3, solid orange and purple curves, respectively) show MW-mass

1 over roughly 6

galaxies with relatively stable star fomration rates (SFRs) of 5 — 8 Mgyr™
Gyrs of cosmic time, whereas those zoom-in simulations that include SIDM (GM2SI1 and
GM3SI1, dashed orange and purple curves, respectively) exhibit much higher SFRs and

overall burstier SFHs.

The star formation in GM3SI1 starts to deviate from CDM beyond 30% around ¢t = 3 Gyr
(where ¢ is cosmic time) and beyond 50% starting around ¢ = 4.5 Gyr. The ratio between
SFR in GMS3SI1 to GM3 can be as high as 8.1 near ¢t ~ 5.5 Gyr where GM3SI1 goes
through a “star burst” period before eventually quenching near ¢ =~ 6.5 Gys. In total,
GM3SI1 produces 3.7 times more stars over its lifetime compared to GM3.

The difference in SFH between GM2SI1 and GM2 is slightly less dramatic for the first
4 Gyrs of the galaxies’ lifetimes; however GM2 and GM2SI1 start to deviate from one
another after t = 4 Gyr faster than the galaxies in the GM3-suite runs. The “burstiness”
near t = 5.5 Gyr is also more enhanced in the GM2SI1 vs. GM2 runs compared to the
enhancement seen in the GM3-suite runs. The ratio between SFR in GM2SI1 and GM2 can
be as high as 8.6. The GM2SI1 galaxy produced 3.1 more stars over its lifetime compared
to the GM2 galaxy. Halo mass, stellar mass and other properties of our galaxies at z ~ 0.8
(t =7 Gyr) are detailed in Table 3.1.

The DM-model-dependent differences seen in the SFHs are also apparent in UVI images

of the stars in each galaxy. Each row of Figure 3.2 samples a different “epoch” of the
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Figure 3.1: Star formation rate as a function of cosmic time from t = 0 — 7 Gyr. There is
a striking difference between the GM3 and GM3SI runs, as well as in the star formation
between GM2 and GM2SI1. The main halo of GM3SI1 (M, ~ 8 X 10111\/[@) produces
3.7 times more stars than the CDM GM3 galaxy over its lifetime, but still quenches near
6 Gyrs. The GM2SI1 produces 3.1 times more stars compared to GM2 over its lifetime.
GM2SI1 starts to quench a bit later (starting near ¢ = 6.2 Gyrs) compared to GM2, GM3

and GM3SI1. The gray shaded region represents the time interval in which we examine gas
content.
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Table 3.1: GALAXY PROPERTIES AT z = 0.8

Sim Myi® M,P M,° Mgy Ryi®
Mg Mg Mg Mg kpc
GM2 4.6 x101 1.3 x10'9 3.9 x10'° 5.1 x107 140.8
GM2SI1 5.1 x10'' 3.6 x10'0 6.2 x10'° 4.6 x107 148.6
GM3 4.5 x101 9.8 x10° 3.5 x10'0 6.2 x107 139.2
GM3SI1 5.0 x10'" 3.6 x10'° 5.2 x10' 4.0 x107 147.5

# Halo virial mass as defined in Equation (4.2).

b Total stellar mass within Ryir.
¢ Total gas mass within Ryir.
4 Mass of central SMBH in major progenitor of MW-mass galaxies.

¢ Halo virial radius, Ryir.

SFH and each column shows one of the four simulated galaxies. From bottom to top, the
z = 2.2 snapshot represents the first epoch, where we see differences of up to 30% in
the SFHs of the SIDM galaxies compared to the CDM galaxies. During this epoch, the
SIDM galaxies are only slightly brighter than the CDM galaxies. The z = 1.3 snapshot
samples the second epoch, where the star formation in the SIDM galaxies deviates from
the CDM galaxies beyond 50%. In this epoch, the CDM galaxies are irregular, whereas the
SIDM galaxies are more spiral and much brighter in their centers. The z = 1.2 snapshot
represents the epoch just before the “star burst” in the SIDM galaxies. Here, the SIDM
galaxies retain their spiral morphology while the CDM galaxies remain irregular. Finally,
the z = 1 snapshot represents the epoch when the CDM galaxies quench. In the CDM
galaxies the overall surface brightness decreases and the galaxies appear more elliptical
whereas the SIDM galaxies surface brightness decreases in the outer regions but remains
high in their centers. Thus, examining UVI images of the CDM and SIDM galaxies in each

suite demonstrates DM-model-dependent differences in morphology and stellar evolution.
These differences are substantial given that the two sets of simulations come from the
exact same ICs, respectively, with only the underlying DM models changing. While [142]

has emphasized that star formation rates can vary stochastically between different runs due
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GM2sI1 GM3SI1

Figure 3.2: Cosmic evolution of stars in all four galaxies. Four snapshots taken (from the
top) at z = 1, 1.2, 1.3, and 2.2 and showing (from left to right) GM2, GM2SI1, GM3,
GM3SI1. The stars are shown in UVI colors assuming a Kroupa IMF and are oriented such
that the angular momentum axis of the stars calculated from PYNBODY is in the z-direction,
which points out of the page. All images encompass 20 kpc on each side, and the 5 kpc scale
(on the upper left) is in physical units. The surface brightness for all images ranges from 23 -
13.6 mag/arcsec?. The four redshift snapshots are chosen to sample four different “epochs”
that are present in the SFHs of our galaxies. From bottom up, at z = 2.2 GM3SI1 has
started to deviate from GMS3 in star formation, but GM2SI1 and GM2 remain similar at
z = 2.2, which is clear in the similar UVI images at this redshift. The z = 1.3 snapshot
represents an epoch where the star formation in the SIDM galaxies deviate from the CDM
galaxies beyond the 50% level; at this redshift, the SIDM galaxies are spiral galaxies and
their CDM counterparts are irregular. The z = 1.2 snapshot represents the epoch near the
SIDM galaxies “star burst” period; here the SIDM galaxies retain their spiral morphology
while the CDM galaxies remain more irregular. By z = 1, the CDM galaxies are quenching
and turning red; the SIDM galaxies are also turning red, but remain much brighter in their
centers compared to the CDM galaxies.
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Figure 3.3: Ratio of GM3SI1 gas compared to GM3 gas enclosed within a spherical volume
with cut off radius of 7.. Gas content is broken down into hot gas (7' > 10° K) and cold gas,
where cold gas is defined to be gas that satisfies our temperature criteria for star formation
( T < 10* K). The hot gas is shown in red whereas the cold gas is shown in blue. Various
line styles are used to indicate gas in different cut off radii. The ratio of cold gas within the
inner 10 kpc comes close to 7 just before the “star burst” near ¢t ~ 5.5 Gyr in GM3SI1. At
every cut off radius, the ratio of gas in GM3SI1 compared with GM3 is greater than 1 and
gradually increases as r. decreases. We use the GM3-suite as a representative example of
both GM suites.
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Figure 3.4: Cumulative number of SMBH seeds vs. log of cosmic time. In both the GM2-
galaxy and the GM3-galaxy suites the CDM galaxies produce more SMBHs in the first 2
Gyrs of the simulation. GM3 produces 2.9 times more SMBHs that GM3SI1, where as GM2
produces 1.7 times more SMBHs than GM2SI1.
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to purely numerical artefacts, this is not the cause of our differences here. First, the extent
of our differences are vastly higher than those found by [142] and, second, the identical
trends seen when switching to SIDM in GM2 and GM3 serves as an independent robustness
check. The large difference we see in SFH must be attributable to changes in the properties
of the galaxy’s gas. Excess gas that is dense (n > 0.2 m,/ em?®) and cool (T' < 10 K)
can turn into stars in our simulations. Thus, we next examine the gas content of the SI1
galaxies compared to the CDM galaxies.

In Figure 3.3 we examine the gas content within spheres of various cutoff radii, rc,
centered on the shrinking sphere centre (found using methods of [217] implemented in [214])
of the most massive progenitors of the main galaxy at z = 0 and compare the mass in gas
between SIDM and CDM in the GM3-suite. The gas is broken down into hot gas and cold
gas, where cold gas is the gas that satisfies our temperature criteria for star formation and
hot gas is gas with 7' > 10° K. Figure 3.3 shows cosmic time between 4.2 Gyrs and 5.4 Gyrs,
leading up to the ”star burst”, or the peak of star formation, in SIDM and after both the
CDM and SIDM galaxies undergo mergers. The period of time for which we examine the
gas properties is highlighted in gray in Figure 3.1. The SFH between the CDM and SIDM
galaxies begins to deviate beyond 30% around ¢ = 3 Gyrs and beyond 50% after t ~ 4 Gyrs.
The deviation accelerates rapidly after this. Thus, this is the time region that is interesting
to examine in order to understand the differences in the SFH between the CDM and SIDM
galaxies. The ratio of cold and hot gas decreases smoothly as 7. increases, indicating that
there is more gas in the inner regions of the SIDM galaxy compared to the CDM galaxy.

In the inner 10 kpc SIDM has much more cold and hot gas compared to CDM. The excess
cold gas is responsible for the increased number of stars formed in the SIDM galaxies. The
increased number of stars formed in the SIDM galaxies are responsible for the excess hot gas,
via increased SNe-feedback (which is proportional to the number of stars formed). Therefore,
the excess hot gas in the SIDM galaxies is a consequence of their increased SFRs. More
specifically, the ratio of hot gas in SIDM compared to CDM rises with increasing difference
in SFR (and therefore SFR feedback), which is seen in the particularly strong increase at
the end of the time interval shown in Figure 3.3 and at the end of the corresponding shaded

region in Figure 3.1 where the SFR peaks in SIDM but not in CDM. The excess cold gas
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can be caused by either stronger inflows to the centre of the SIDM galaxies or cold gas
being pushed out and depleted from the inner 10 kpc of CDM galaxies. Lagrangian particle
tracking which matches and traces gas particles from the inner 10 kpc of the CDM and
SIDM galaxies shows that in CDM galaxies gas that is diffuse at later times was more dense
and structured at earlier times. This indicates that gas is being more readily disrupted
in the central region in our CDM runs. We show in the next section that this is due to

differences in SMBH feedback between the CDM and SIDM simulations.

3.2.2 Black Hole Formation

In Figure 3.4, we explore the total number of SMBHs formed in our simulations vs. cosmic
time. SMBHs formation is suppressed in the SIDM runs, when compared to their CDM
counterparts. GM3 forms 2.9 times as many SMBHs in the early universe compared to
GM3SI1 and GM2 forms 1.7 times as many SMBHs as GM2SI1. Within the first Gyr of
our GM3-suite simulations, the GM3 simulation has formed about 2 times as many SMBHs
as the GM3SI1 simulation. After 1 Gyr, the GM3 galaxy quickly produces about 10 more
SMBHs whereas the GM3SI1 galaxy production flattens out, producing only 1 more SMBH
for the remainder of the simulation. The difference between GM2-suite galaxy simulations
are less drastic, which is reflected in differences in star formation. During the first Gyr,
SMBH production is similar until near ¢ = 1 Gyr, where GM2 has produced about 20
SMBHSs, compared to GM2SI1 which has produced around 15 SMBHs. After 1 Gyr, the
GM2 simulation continues to produce SMBHs, while the GM2SI1 simulation has nearly
stopped.

Our SMBH seeding prescription depends on the gas density in haloes in the high-z
Universe. To determine how the halo densities have affected the formation of the SIDM
SMBHs, we look at all redshift snapshots before z = 6 and determine the approximate halo
mass range in which SMBHs form to be between 10% — 10'9 M. For haloes in this mass
range we then examine the average gas density within 500 pc of the haloes’ shrinking sphere
center in the z = 6 snapshot. This snapshot is the closest in time to peak SMBH production.

In Figure 3.5 we plot the cumulative probability to have a given average central gas density
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vs. average gas density. We find that the SIDM simulations tend to have higher cumulative
probabilities at lower average central gas densities compared to the CDM simulations. We
conduct a two-sample Kolmogorov-Smirnov test and determine that in the GM2-suite, the
null hypothesis that the samples are drawn from the same distribution, is rejected at the
0.24 level. In the GM3-suite the null hypothesis is rejected at the 0.16 level. Further, we
find that the DM component dominates the total galaxy density in these haloes, with the
baryon density following the DM component [306].

To determine the influence of SIDM on DM, and subsequently gas, densities at high-z,
we used Lagrangian particle tracing to calculate the average SIDM interaction rate at a
given halo mass for a number of redshifts. For each final redshift snapshot, we traced back
DM particles to the previous snapshot and calculated the change in the cumulative number
of interactions for each halo. We then found the corresponding time interval between the
snapshots and calculated the average interaction rate. In Figure 3.6 we plot the total
interaction rate vs. halo mass at various redshifts. We find that, at a given halo mass,
the average SIDM interaction rate increases towards higher redshift. This trend as well as
the general shapes of our interaction rate as a function of My, at different redshifts are in
agreement with previous analytic work on the cosmic evolution of SIDM interaction rates
[235, see for example the second panel of Figure 1 in |. Further, at z = 6, just before the
peak of SMBH formation in the CDM galaxies, the SIDM interaction rate is more than an
order of magnitude higher than it is at z = 1. We attribute this increase to the increasing
mean density of the Universe at higher redshift (see Equation (3.2)).

Finally, we hypothesize that the decrease in central gas densities and subsequent sup-
pression of SMBH formation is due to the DM component being suppressed in the central
region due to DM self-interactions and the baryon density following the DM component.
Here we’ve made several measurements to test this: 1) the SIDM interaction rate appears
to be sufficient to relax the DM density at high-z, and 2) our measurement of the central
gas density is consistent with it being lower in the SIDM simulations due to inner DM mass
deficit relative to CDM. Finally, we show this DM mass deficit in Figure 3.7. Here we find
the largest progenitor of our main z = 0 galaxies at earlier times and find the DM mass

enclosed within 1 kpc of the progenitors’ shrinking sphere centre. The SIDM mass enclosed
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within 1 kpc is suppressed relative to the CDM mass enclosed at high redshift. This mass
deficit at high redshift causes the cumulative probability of average central gas density to
be lower in the SIDM cases relative to the CDM cases, which ultimately gives rise to fewer
SMBHs formation sites. At low redshift, the DM mass enclosed is higher in SIDM than in

CDM due to adiabatic contraction caused by the build up of stars.

3.2.83 Black Hole Mergers and Accretion

SMBH-SMBH mergers become more frequent in the early universe in our CDM simulations.
This can be seen in the top and bottom panels of Figure 3.8. The top panel shows the
growth of the most central SMBH in the largest progenitors of our most massive haloes
at z = 0. This mass increases due to SMBH-SMBH mergers and through our modified
Bondi-Holye accretion prescription detailed in Equation (3.5). The bottom panel of Figure
3.8 shows Myerger, the mass of the SMBH acquired through mergers divided by the total
SMBH mass vs. cosmic time. We define the SMBH merger mass to be the total SMBH
mass minus the seed mass minus the mass acquired through accretion. This panel clearly
shows that SIDM SMBH mergers are delayed by billions of years compared to their CDM
counterparts. This merger growth also translates to the sharp jumps present in the top
panel of Figure 3.8. Merger rates can be influenced by the total number of SMBHs formed
(halo occupation fraction), or by decreased dynamical friction due to SIDM as found in
[69]. Here we demonstrate that the merger rates are correlated with the number of SMBHs
that have formed in our simulations, see Figure 3.4. However, decreased dynamical friction
also likely further delays SMBH growth in the SIDM galaxies. The main SMBHs of the
largest progenitors in our CDM runs subsequently acquire large boosts in SMBH mass from
increased merging. The increased growth in the CDM SMBHs due to merging will have
large effects on the subsequent evolution of our CDM simulated galaxies, as SMBH accretion
is proportional to M% -

SMBH accretion has been linked with regulating star formation in MW-mass galaxies,
[267, 70, 57] as SMBH accretion produces feedback which can heat up and displace gas

from the central regions of galaxies (and large fractions of the star forming disk region of
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Figure 3.6: SIDM interaction rate as a function of halo mass at various redshifts. Mass
range selected to emphasize halo mass range of SMBH formation sites at z £ 6. At a given
mass, the SIDM interaction rate is higher at higher redshift, consistent with the fact the
high-z universe is denser than the low-z universe.
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galaxies). The suppressed SMBH-SMBH merger rate in the SIDM galaxies relative to the
CDM galaxies causes their central SMBHs to grow through mergers less efficiently. In the
Bondi formalism, a lower-mass SMBH accretes less mass than a more massive counterpart,
therefore the SMBHs in the SIDM run have suppressed accretion with respect to the CDM
runs. The suppressed SMBH accretion further suppresses SMBH feedback, thus regulating
star formation less effectively in the SIDM galaxies relative to the CDM galaxies. This
results in a larger production of stars in the SIDM galaxies compared to the CDM galaxies.
This can be seen by examining Figure 3.9.

Starting with the GM2-Suite we see that from ¢ = 0.5 — 1 Gyr, the energy injected from
the central SMBHs is greater in the SIDM galaxy, compared to the CDM galaxy, however
star formation is small compared to the mean SFR during this epoch and thus is unaffected
by this difference. From t ~ 1-3 Gyr the SMBH energy injected is comparable in GM2
and GM2SI1 and the star formation in the two galaxies is very similar. At t = 3 Gyr,
the energy injected from GM2 starts to increase relative to GM2SI1 and the difference in
injected energy continues to grows to t = 5.5 Gyr. A gigayear after the two SMBHs start to
deviate in injected SMBH energy, GM2SI1 starts to produce more stars compared to GM2
and continues to produce more stars until both galaxies quench near ¢t ~ 6 Gyr.

Differences in the GM3-suite are more apparent starting from ¢ = 0.5 Gyr. There is a
large difference in energy injected from GM3 and GMS3SI1 from ¢ = 0.5 — 5 Gyr. These
differences can be traced in the SFH. Again, at early times star formation is small compared
to the mean SFR, and thus it is not until ¢ & Gyr that we start to see deviations in star
formation in GM3SI1 compared to GM3. Delayed growth of SMBHs in SIDM relative
to CDM and subsequent suppressed accretion results in very different galaxies in SIDM

compared to CDM even when you start with identical ICs, as can be seen in Figure 3.2.
3.3 Self-Interacting Dark Matter and Black Holes Discussion and Conclusions

In this study we used fully cosmological galaxy simulations in CDM and SIDM with a
constant cross-section of 1 cm? /g to examine how the co-evolution of SMBHs and their MW-
mass host galaxies (Myi; ~ 7 x 101 My at z = 0) is influenced by different DM models.

To do this we used physically motivated models of SMBH formation and growth (T15;
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Figure 3.8: Top panel: Mass of the most massive SMBH as a function of cosmic time in
each simulation. In both GM2 and GM3 CDM simulations the SMBHs grow more rapidly
through mergers before ¢t = 2 Gyr. The increased number of SMBHs in the CDM galaxies
will lead to more SMBH-SMBH mergers in the early universe, resulting in enhanced SMBH
mass growth through mergers in the first 2 Gyrs in the CDM galaxies. This enhanced
growth contributes to fast SMBH accretion in the CDM galaxies, given modified Bondi-
Hoyle accretion is proportional to M]%H. Bottom panel: BH merger mass divided by Mpy
as a function of cosmic time in each simulation. At early times Myerger / Mpu in GM2SI1
and GM3SI1 is 0, indicating delayed merging in SIDM. The sharp jumps in Muyerger / MBH
are due to merger events. The smooth decreasing seen is due to smooth accretion in Mpg.
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T17) and simulated a MW-mass galaxy with quenched star formation in CDM and SIDM
to maximize the effects of SMBH growth on galaxy evolution. We then ran a genetically
modified [243] version of these galaxies to check for result dependent sensitivity to small
changes. We found that:

e SMBH formation is consistently suppressed in SIDM relative to a classic ACDM cos-
mology. Our CDM simulations produced about 2 or 3 times as many SMBHs compared to

our SIDM simulations.

e SIDM delays SMBH growth through mergers by billions of years compared to CDM
growth.

e SIDM SMBHs generate less SMBH feedback compared to CDM SMBHs during the
first 5 Gyrs of their evolution. Nonetheless, by z = 0.8 their SMBH masses differ only by
around 0.2 dex , so that both CDM and SIDM runs remain compatible with the Mgy — M,
relation [259].

e SIDM galaxies have a larger central reservoir of gas available for star formation.

e SIDM galaxies form about 3 or 4 times more stars than CDM galaxies over their life-

times.

Importantly, [69] also finds less massive SMBHs and more stars in their MW-mass galax-
ies from abundance matching at a much higher SIDM cross-section of o4, = 10 cm?/g. At
lower masses, the effects of delayed SMBH growth should not matter much given that
SMBHs grow very little in dwarf galaxies [311, 121, 17]. SMBHs are thus not expected to
have a significant impact in regulating star formation in dwarf galaxies (but see [266, 262]).
In particular, at z > 2, or equivalently for a given halo mass less than MW-mass, the largest
progenitors of our main z = 0 galaxies have stellar masses that agree to within 0.3 dex, the
typical scatter of the stellar-mass halo-mass relation. In both models the stellar masses at
a given halo mass are higher than those found in [15]. However, for z < 2 the stellar masses
at a given halo mass deviate well beyond the 0.3 dex scatter. The large difference at low
redshift may thus be used in a future study with a larger statistical sample to distinguish

the two DM models.
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It should be noted that, similar to [69], these simulations do not have high enough
resolution to produce dark matter cores in CDM due to bursty SNe feedback. However,
this will not significantly alter the results of this study. There is not enough star formation
in the CDM galaxies during the epoch of SMBH formation to produce cores since these
galaxies have stellar mass less-than or equal to 106M, the threshold for star formation to
start to core DM haloes (see figure 7 of [113]). At late times, baryons dominate the central
regions of MW-mass galaxies, dramatically shrinking cores formed in SIDM [67, 137].

Despite the fact that our simulations include well-motivated models of SMBH formation
and growth, they are still relatively simple subgrid models. Further, our SMBH subgrid
parameters are based on matching observations at z = 0 in a ACDM cosmology and thus
future work requires an investigation of how and if these parameters might be altered if in-
stead matched to ASIDM. On the other hand, both CDM and SIDM runs remain compatible
with the z = 0.8 Mpy — M, relationship found in [259] thus indicating that SIDM does
not demand a re-calibration of feedback. Further, in terms of SMBH seeding parameters,
most SMBH formation models require high density, very low metallicity gas with similar
threshold values to those used in this work, see [309]. Future work requires a larger simu-
lation with higher output resolution to more thoroughly quantify how SIDM influences gas
densities at high-z. However, based on the tests conducted in this work, our hypothesis that
SIDM lowers central gas densities due to self-interactions at high-z holds. Thus, given our
limitations and small sample size, this study is a useful case study that shows that, given a
well-motivated SMBH formation prescription, SIDM can significantly alter SMBH merger
histories and delay growth and feedback which results in very different galaxy evolution of

MW-mass objects compared to the classic ACDM model.
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Chapter 4

COLD CLUMPS ACCRETION IN THE CIRCUMGALACTIC
MEDIUM OF MILKY WAY-LIKE GALAXIES

Galaxies require the continued accretion of gas from an external reservoir in order to
sustain their star formation over billions of years [249]. How galaxies acquire this star-
forming fuel remains an open question. The redshift evolution of observed stellar, neutral,
and molecular gas densities indicate that the cold gas reservoir in galaxies at early times
(z 2 2.5) is insufficient to produce the stellar and cold gas content seen at present day
[205]. In addition, star-forming galaxies have (molecular) gas consumption timescales, i.e.
the timescale to consume gas at the current star formation rate (SFR), tcon = Mgas/SFR,
shorter than the age of the Universe [248, 284, 232]. This implies that without freshly

accreted gas, star formation would not persist.

Gas accretion likely takes place through a complex set of processes, and depending on
the mass scale, a galaxy may experience multiple modes of accretion. While galaxies can
acquire gas through mergers or from satellite stripping, smoothly distributed gas that never
collapsed into halos can also accrete onto the galaxy’s disk directly from the intergalactic
medium (IGM) [224]. Hydrodynamic simulations have examined the different modes of gas
accretion onto galaxies [143, 66], and the relative importance of the different modes as a
function of mass scale [37]. Though limited, observations detecting diffuse gas accretion
indicate that the dark matter (DM) halo surrounding a galaxy is a crucial transition region

between cosmic filaments, and a galaxy’s disk [242, 199].

This diffuse gaseous halo surrounding a galaxy out to beyond its virial radius [322], and
the intermediary between a galaxy and the IGM, is known as the circumgalactic medium
(CGM). Observed galaxies host only a small fraction of a dark matter halo’s expected
baryon content in their stars or gas (i.e. My < (/) My, where M, is the baryon mass
in the disk and Mj, is the halo mass) [200]. At Milky Way mass scales, and at low—z, a
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substantial fraction of the “missing baryons” are housed in the CGM [283, 321, 221}, which
is the source of a galaxy’s star-forming fuel, and the venue for the by-products of stellar
and SMBH feedback and recycling [106, 281]. As such, the CGM has become increasingly
recognized as a crucial part of galaxy formation and evolution [297]. Given its diffuse nature,
the CGM is most effectively observed using absorption line spectroscopy.

Despite identifying where a large fraction of a galaxy’s baryons are, observations of
the CGM have raised pressing questions regarding the physical processes that determine
how and when these baryons cycle into and out of galaxies. For example, the existing
observational constraints on the metal content of the CGM imply that much of the accretion
onto disks is recycled from earlier outflows [221, 333, 20], but offer only indirect constraints
on this fraction. Likewise, the timescales and mass flow rates involved in building and
consuming the CGM are still widely debated among both observers and theorists [287].

Spurred to a large extent by dramatic observational progress on the CGM since the
installation of the Cosmic Origins Spectrograph (COS) on the Hubble Space Telescope (HST)
in 2009 [116], simulations have begun to address these pressing questions over the last
decade with great success. By comparing simulations with observations, we have learned
that in order to reproduce the observed gas column densities out to ~ 200 kpc, bursty
star-formation and feedback able to generate significant outflows are required [30, 164].
Cosmological hydrodynamical simulations that incorporate strong galactic winds indicate
that at any given time, 65 — 80% of the total baryons in a galactic halo reside outside
the galaxy stellar disk, and > 50% of these CGM baryons recycle through the interstellar
medium (ISM) of the galaxy, typically on Gyr timescales [96, 298, 49].

Absorption lines of neutral and low-ionization species such as hydrogen (H I), Si II,
and Mg IT indicate that the CGM hosts cool structures with length scales < 1 — 10 kpc
[321, 244]. These ions are expected to trace low-temperature (T < 10°K), high-density gas
[280, 297]. Additionally, large velocity, compact gas “clouds” observed through HI emission
are found in the Milky Way halo, known in the literature as high-velocity clouds (HVCs)
[184, 315, 316]. Early observations targeted the Milky Way finding thousands of HVCs (see
for example [223]), however more recent observations have started to explore them in other

galaxies [109].
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Although these cloud-like structures have long been observed, there remain many open
questions about their origins and basic properties such as their mean mass, size, or mass/size
distributions. There is evidence that some fraction of these clouds may come from satellite
stripping (see [197]), while theory suggests that the clouds can form from thermal instability
of the hot halo gas [25, 97]. It has been suggested that clouds should be short-lived because
they are destroyed [145] or broken into smaller clouds [176] in the presence of shocks. On the
other hand, additional pressure support could help stabilize these clouds through cosmic ray
pressure [42] or through virialization [166]. Generally, state-of-the-art idealized simulations
indicate that if the cool clouds are large enough and the cooling time of mixed hot and
cold gas in a turbulent medium is smaller than the cloud crushing time, they can survive
long-term [118].

Cold clumpy “clouds” in the CGM have been extensively examined in highly idealized
“cloud-crushing” simulations [256, 258, 117, 92], however, the galaxy formation simula-
tion community has more recently started to examine these clouds in cosmological settings
[191, 225] showing resolution-dependent cloud properties [204]. Analytic models of the cold
phase of the CGM have additionally constrained cloud properties, along with depletion and
replenishment timescales [87].

In this paper, we use two suites of smoothed particle hydrodynamic Milky Way analog
simulations to quantify and trace the properties of cold clumps in the circumgalactic media
of ~L* galaxies. Using neutral hydrogen, a tracer of cold gas with temperatures 7' < 10° K,
we examine how resolution, feedback prescriptions for stellar and black hole feedback, and
the background dark matter scaffolding influence cold clump pressure, temperature, size,
mass, and origin, and associated timescales. While we are not able to resolve scales as small
as cloud-crushing simulations, we explore cold clumps of cosmological origin which cannot
be examined in such idealized scenarios.

In the previous two chapters, we have focused on the background scaffolding in which
galaxies form. In this chapter, we turn to and focus on the interplay between gas and
star formation and the build-up of galaxies. In particular, we use two suites of smoothed
particle hydrodynamic Milky Way analog simulations to quantify and trace the properties

of cold clumps in the circumgalactic media. Using neutral hydrogen, a tracer of cold gas
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with temperatures T' < 10* K, we examine how resolution, feedback prescriptions for stellar
and black hole feedback, and the background dark matter scaffolding influence cold clump
pressure, temperature, size, mass, and origin, and associated timescales. While we are not
able to resolve scales as small as cloud-crushing simulations, we explore cold clumps of

cosmological origin which cannot be examined in such idealized scenarios.

4.1 Cold CGM Galaxy Formation Simulations

The simulations examined in this chapter were run using ChaNGa and for the first suite
of simulations considered, the GM galaxies, the physics used in the simulations is identical
to (see 3.1). Additionally, some of the simulations examined in this chapter overlap with
the simulations examined in 3. I review some details of the basic simulation properties and
detail an additional suite of galaxies used in this chapter here.

In all the considered simulations, the z = 0 central halos were chosen to be Milky Way
analogs, so they are isolated and have virial masses in the range of observational estimates
between ~ 0.5 - 2.5 x 10'2 Mg, [323, 318, 132, 273, 77]. For all simulations, we assumed
a A dominated cosmology, Q,, = 0.3086, Q) = 0.6914, h = 0.67, og = 0.77 [209] and used
the “zoom-in” methods described by [213]. The zoom regions were selected from a 50 Mpc,
dark-matter-only volume.

One set of simulations, known as the Genetically Modified (GM) galaxies, were run with
a force softening length, e, = 250 pc and mass resolution of 1.4 x10° Mg and 2.1 x10° Mg,
for dark matter and gas particles, respectively. This set of simulations includes simulations
run in CDM as well as with self-interacting dark matter (SIDM). The second set of higher-
resolution galaxies is known as the DC Justice League, named in honor of female United
States Supreme Court justices. While there are four Milky Way zoom-in simulations in
the DC Justice League suite, we only discuss “Elena” in this work, as its z = 0 properties
(e.g. virial mass and radius) are in the closest agreement to the GM galaxies. We consider
both “Near Mint” (NM) Elena, which has a force softening length of ¢, = 173 pc and mass
resolution of 4.2 x10* My, 2.7 x10* My, and 8000 My, for dark matter, gas, and initial
star mass, respectively as well as “Mint” Elena, which has a softening of ¢, = 87 pc, and

mass resolution of 1.8 x10* Mg, 3.3 x10% My, and 994 M, for dark matter and gas, initial
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star mass respectively. The spatial and mass resolution of all the simulations considered are
listed in Table 4.1. The GM galaxies were previously discussed in [252, 251, 58, 43]. The
other NM DC Justice League simulations have been explored in [17, 5, 130]. Mint Elena

and one additional Mint zoom were first presented in [6].

4.1.1  Star Formation Model in the Justice League Galazies

Owing to their higher resolution, NM and Mint Elena instead utilize the metal line cooling
and star formation scheme introduced in [48]. This includes the diffusion of metals [263],
as well as the non-equilibrium formation and destruction of Hs. A uniform time-dependent
UV field [120] is used to model photoionization and heating. Lyman-Werner radiation from
young stars is additionally tracked.

Star formation in NM and Mint Elena occurs stochastically when the gas particles be-
come cold and dense. The probability of creating a star particle from a gas particle with

local tgy, in time At is:

p= mgas (1 _ eC*XH2At/tdyn) (41)
Mestar

where the values adopted for the sub-grid parameters in NM and Mint Elena are:
1. star formation efficiency c, = 0.1
2. Gas density threshold, n, = 0.1 cm ™3
3. Gas temperature threshold, T}, = 10% K

The star formation efficiency, ¢, = 0.1 times the fraction of non-ionized molecular hydro-
gen, Xp,, produces the appropriate normalization of the Kennicutt-Schmidt relation [47].
We note that while the density threshold is low, the actual density of star-forming gas tends
to be closer to 100 - 1000 cm ™3 because of the Hy requirement.

As in the GM suite, in the Justice League galaxies, SNe feedback adopts a “blastwave”
implementation [282]. In this model mass, thermal energy, and metals are deposited into

nearby gas when a massive star becomes a supernovae. When this occurs, 1.5 x10°! ergs
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Model Mpy resolution [Mg]  Mgas resolution [Mg] seed My [Me] € [pc] minimum e, [pc]
Romulus resolution GMs 1.4 x 10° 2.1 x10° 108 250 50
Near-Mint Elena 4.2 x10* 2.7 x 10* 10° 170 22
Mint Elena 1.8 x10* 3.3 x10° 5 x10* 87 11

Table 4.1: Resolution information for the simulations considered. The Romulus resolution
zooms include: PO, GM1, GM2, GM3, GM3SI1, and their available noBH counterparts.
€4 is the gravitational spline softening, and minimum ¢, is the minimum hydrodynamic
smoothing length.

/ supernova event is deposited into the neighboring gas particles. Afterward, gas cooling is
turned off. The deposited energy combined with the turning off of cooling is used to mimic

how energy deposition influences the local ISM.

4.1.2  Black Hole Model in the Justice League Galaxies

The Justice League simulations also include SMBH formation and improved SMBH accre-

tion and feedback models which explicitly follows the orbital evolution of SMBHs [289, 291].

The SMBH seed formation is connected to the physical state of the gas in the simulation
at high-z, without assumptions about the halo occupation fraction. SMBHs seeds form
in the early universe if the gas particle has already met the star formation thresholds (see
Subsection 3.1.2). Additionally, black hole particles form in extremely overdense (3000 cm 3
for NM Elena, and 1.5 x10* cm™3 for Mint Elena), cool (T < 2 x 10* K for NM and Mint
Elena) regions. They must also have low metallicity (Z < 10~* for NM and Mint Elena),

and have low molecular fraction (Xp, < 107%).

The SMBH seed mass used scales with resolution: with a mass of 106 Mg, for the GM
galaxies, and 5 x 10%* Mg, for both Near Mint, and Mint Elena. This seeding method allows
SMBHs to naturally populate galaxies of different masses. Seed SMBH formation is limited
to the highest density peaks in the early universe with high Jeans masses and to gas that is
cooling relatively slowly, thus approximating SMBH formation sites with those predicted for
SMBH seed formation [309]. This seeding method forms most SMBH seeds within the first

Gyr of the simulation, which allows us to follow SMBH dynamics throughout the assembly
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of the host halo, even for small haloes. Further details about black hole growth through

mergers and accretion can be found in section 3.1.3.

4.1.8  Amiga Halo Finder

After running our simulations, we extract all of our main halos and sub-halos using the
AMIGA halo finder [146]. The viral radius Ryi; of a halo is defined as the radius at which
the density is 200 times the critical density of the Universe p, Ay, = p/p = 200. We

calculate the virial mass of halos as:

4 ,
Myiy = gwAhﬁRd (4.2)

vir

4.1.4 PynBODYand TANGOS

Using the publicaly avaliable code PYNBODY [214] we systematically calculate properties of
the host galaxy. The centers of the main Milky Way-like galaxy, its progenitors, subhalos,
and of the identified clumps are defined as the center of mass of the respective systems.

Halos are traced through time using merger trees with TANGOS [215].

4.1.5 Halos and their properties

The detailed galactic properties of our lowest resolution GM runs as well as our resolution
runs ‘Near-Mint” and “Mint” Elena are listed in Table 4.2. M,;, is defined in equation 4.2,
where Mgas and Mgiar are the total mass enclosed within a sphere of radius Ryi;. The CGM
gas mass, Mcam is the total mass enclosed outside a sphere with radius 15 kpc and inside
a sphere with radius of Ry;;. The cool CGM gas mass, cool Mcam, is the mass of the gas
in the CGM with T < 10° K. We note that our Mcgy values are fairly massive, which is
similar to the results of [85, 86] but in contrast with the precipitation limited model of the
CGM [308]. The cool CGM gas mass values are similar to those found in [87]. While the
GM galaxies considered in this work have also previously been explored in [252, 251], our
CGM definitions vary slightly and so the CGM masses noted here are slightly smaller than

the masses reported in those works.
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Model Myir [Mo]  Mgas [Mo]  Mstar [Mo]  Mcam [Me]  cool Mcam [Me] — Ryir [kpc]
PO 9.9 x10™  1.1x10"" 5.0x10" 89 x10'° 1.9 x10° 277.0
GM1 9.7x10" 9.9 x 10 4.7 x 10 8.0 x10'0 2.7 x 10° 274.9
GM2 8.1 x10"  6.9x 10 14x109 6.8 x10'° 5.5 x 10° 259.2
GM3 6.6 x10" 5.1 x109 1.1 x10'® 5.0 x10%° 8.3 x 108 241.7
POnoBHs 9.8 x 10! 82 x 10 7.9x 10 7.2 x10' 1.1 x 10? 276.1
GM1noBHs 9.9 x 101 8.7 x10'0 7.4 x 100 7.4 x10'0 2.1 x 10° 276.2
GM2noBHs 9.6 x 10 8.8 x 10'® 7.0 x10'® 7.6 x 10 5.8 x 10° 274.0
GM3noBHs 8.4 x 10" 7.1 x 109 7.3x10 6.1 x10'° 5.0 x108 261.9
GM3SI1 7.7 x10" 83 x 10 34x100 7.7 x10% 1.0 x 1010 256.1
NM Elena 7.4 x10'' 3.4 x 10 8.0 x 100 3.0 x 101° 4.3 x 107 248.8
Mint Elena  7.3x10"" 2.9 x 109 7.4 x 10 24 x10'° 3.4 x10° 251.0

Table 4.2: Host galaxy properties of GM resolution and Justice League zooms at z = 0.17

4.2 Analysis of the Cold CGM

4.2.1 Defining the Simulated Circumgalactic Medium

In our analysis, we define the CGM as the gas outside 15 kpc of the center of the host

galaxy and within the virial radius Ryi,. Using the PYNBODY identified galaxy center, we

produce a CGM gas “SimSnap” comprising all the gas inside the galaxy’s dark matter halo,

excluding the sphere of gas within radius 15 kpc around the galaxy. Our definition of the

CGM is congruent with other simulation and theoretical works. However, we note that

using CGM? and CaSBaH data, [322] showed that the physical extent of the CGM likely

exceeds Ryir, out to 2 &= 0.6 Ry, for galaxies with similar mass to those considered in this

work (see tables 4.2). This study, therefore, does not address the properties of the CGM

between 1 — 2Ry;r, and leaves such a discussion for future work in which simulations will

have an adequate mass and spatial resolution at these large radii.
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Figure 4.1: Left: H 1 SPH image of the CGM surrounding PO with Romulus resolution at
z = 0.17. The white circle has a radius of the virial radius of the host galaxy. The gray
circle has a radius of the virial radius of the largest satellite galaxy. Right: H I SPH image
of the CGM surround h148 with “Mint” Justice League resolution. The white circle again
has a radius of the virial radius of the host galaxy. Note that the highest density npr is
concentrated in clumpy-like structures.

Ezcluding satellites

Using AHF we are able to differentiate particles associated with subhalo structures of the
main Milky Way-like galaxy hosts and the satellite galaxy. In our analysis of the cold phase
of the CGM, we exclude all such substructure. For example, Figure 4.1 shows the H I gas
associated with the satellites of PO, NM, and Mint Elena at z = 0.17, from left to right,
with the black circles indicating their virial radii. The gas particles associated with these

satellites are excluded from our subsequent clump identification and analysis.

4.2.2  Friend-of-friends Algorithm and Clump Identification

The friends-of-friends (FOF) algorithm is routinely used to identify grouped particles in
simulations, such as halo identification in cosmological simulations. In this work, cold

clumps were identified using a modified version of PYFOr!:2. This identification was done

"https://github.com/simongibbons/pyfof

2The publicly-available version of PYFOF is written to use a single, uniform linking length, for each particle.
We altered a copy of this code to instead take an array of linking lengths, so that for each particle, we can
account for the spatial variations in resolution.
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Figure 4.2: Left: Hydrodynamics smoothing length SPH image of the CGM surrounding
PO with Romulus resolution at z = 0.17. Near the “disk” the hydrodynamic smoothing
length is smaller, whereas closer to the virial radius, the smoothing length becomes larger,
indicating that the resolution in the diffuse outer CGM is lower than in the central region.
Center: Hydrodynamic smoothing length SPH image of the CGM surround h329 with
“mint” Justice League resolution. Right: The hydrodynamic smoothing SPH image for the
highest resolution simulation considered, h329 with “near mint” Justice League resolution.
In all panels, the white circle has a radius of the virial radius of the host galaxy. The central
filled white circle corresponds to the galaxy “disk” which is removed from our analysis of
the CGM. Note that each panel contains its own color bar as the resolution increases from
left to right.
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by first taking the CGM gas as defined in section 4.2.1 that has ny; > 4 x 1078 ecm™3,
which corresponds to a column density of ~ 10 em~2 for a ~ 1-kpc sized object. For the
remaining CGM gas particles, the FOF algorithm was executed to identify clumps using
a particles’” SPH length, a proxy for the local resolution. Specifically, the hydrodynamical
smoothing length, €, for a given gas particle is defined as the radial distance from a given
particle required to enclose 64 neighbors. A smoothed map of the hydrodynamic smoothing
length in the xy-plane of the CGM at each of the considered resolutions is shown in Figure
4.2. PO is used to represent the GM resolution zoomed galaxies, and each panel contains
its own color bar, as the resolution increases from left to right. The central 15 kpc is
removed, and a black filled circle is drawn to represent the galaxy. In the outer regions, the
hydrodynamical smoothing length decreases with resolution from ~10 kpc in PO, ~5 kpc
in NM Elena, to ~1 kpc in Mint Elena. In the innermost part of the CGM, just outside
the host galaxy’s disk, the hydrodynamical smoothing length is ~1.5 kpc in PO, ~ 1 kpc in
NM Elena, but closer to 500 pc in Mint Elena on average.

For a given gas particle, a sphere of linking length €, was drawn and all the particles
within that sphere were linked to the original particle’s clump group (the particle’s friends).
This process was then repeated for all the particles in the sphere (friends-of-friends of the
original particle) until no additional particles were found. A FOF-identified group must have
a minimum particle number of m = 2 to be considered a clump in our analysis. An example
of the identified clumps is shown for PO at z = 0.17 in Figure 4.3. Particles of a given color
correspond to the same group number, with the clumps’ sizes shown as the radii of the same
colored circles surrounding the clumps’ constituent particles. Single particles with no linked

friends are marked with small black circles and are excluded from all subsequent analyses.

4.2.8  Clump Properties

Using the position of each particle member in a given clump and the clump’s center of mass,
the radial distance between the clump’s center and each clump member is calculated. The
size of each clump is then taken to be the maximum distance between the clump members

and the center of mass of the clump. The mass of a given clump is simply the sum of the
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Figure 4.3: Classification of cold clumps using the FOF method for PO at z = 0.17. The
background SPH image is colored by HI number density and each group has its own color
with its members shown in the corresponding color. Each group’s spherical radius is defined
as the maximum particle distance from the cold clump’s COM, and is drawn as a transparent
circle around the clump members. The black x’s indicate the location of single particle FOF
groups, which are not included in our analysis.
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Figure 4.4: Convolved CGM HI column densities for all simulated models considered at
z = 0.17 plotted as lines, compared with CGM? HI column density observations plotted
as circles. The filled circles are detections with uncertainties on the observations, drawn
as error bars. Upward-facing arrows denote lower limits on the measurements due to line
saturation. The open circles with down arrows are CGM? upper limit detections. Left:
HI column densities for the GM galaxies with black holes. The GM galaxies with black
holes agree with the observations below ~ 0.4 ry;, because of the large spread in Ngg, at
low virial-radius-normalized radii, but are lower than the observations at close to the virial
radius. Center: HI column densities for GM galaxies with no black holes. GM2noBHs HI
column densities agrees with the CGM? detections at low viral-radius-normalized impact
parameters, but are ~ 1-dex lower above ~ 0.5 ryi;.

particle gas masses associated with the clump. For a given clump, the pressure, temperature,

and density are defined as the average values of their clump particle members’ properties.

Defining Clump Radial Distances and Velocities

In a given snapshot, the center-of-mass of each clump is used to compute the radial distance
to the center of mass of the CGM’s host galaxy. The center-of-mass velocity is also calculated
and projected along the radial direction, with negative (positive) values corresponding to

clumps moving towards (away from) the center-of-mass of the host galaxy.

4.2.4  Halo Type

We address four galaxy and simulation properties:

1. Galaxies with black holes vs. no black holes; this category is examined in detail in

the context of the warm/hot CGM in [252]. This collection includes: PO, GM1, GM2,
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GM3, and GM3SI compared to POnoBHs, GM1noBHs, GM2noBHs, and GM3noBHs.
The line colors and styles for the GM galaxies are consistent with [252] for all figures

that follow.

2. Galaxies which are star forming vs. quenched at z ~ 0.17. The mechanism for
quenching for this category is detailed in [251]. The galaxies included in this category
are the star forming galaxies: PO and GM1 compared to the quenched galaxies: GM2,
GM3, GM3SI1, although GM3SI1 begins to rejuvenate near z ~ 0.18.

3. Galaxies which are formed in a background CDM vs. SIDM cosmology. These galaxies
were shown to have differences in star formation and central black hole accretion in

[58]. The galaxies included in this category are: GM3 compared to GM3SI1.

4. The final category considered throughout this work is based on resolution. For the
purposes of comparing resolution, as detailed in 4.1, we compare: PO vs. Near Mint
Elena, and Mint Elena. The Justice League galaxies are plotted in hues of green with

solid lines or stars in scatter plots in all figures throughout this work.
4.3 CGM Results

4.3.1 CGM HI Column Densities

We start by examining the entire cold CGM by comparing the HI column densities of the
CGM in the different simulated models to observations from CGM?2. HI column densities
(Nmr) are calculated using the analysis software PYNBODY. The HI column density profiles
obtained from PYNBODY have large jumps because of the clumpy nature of the cold phase of
the CGM. Thus, after the initial HI column density profiles are obtained for our simulated
galaxies, they are smoothed using convolution with a simple uniform kernel, or by taking
a “rolling average”. This is done using NUMPY convolve. The CGM? observations cover
Lyman series absorption lines of neutral hydrogen around L* galaxies out to z = 0.4.

To compare with CGM? quasar absorption-line data, we examine the radial profiles

in Ngr at z = 0.17. We examine the impacts of resolution, black-hole physics, and the
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background dark matter scaffolding on these radial profiles in Figure 4.4. The simulations
are under-predicting Ny beyond ~0.5 Ry, while broadly reproducing the levels and spread
of Nyr values in the inner CGM. Comparing with Figure 4.2, this is the approximate location
in the CGM where the hydrodynamics smoothing length rises above 1 kpc, and thus where
we are likely not fully resolving the cool gas structures CGM [204].

In Figure 4.4 we show the convolved CGM HI column densities, as defined above, for all
simulated models plotted as lines, compared with CGM? HI column density observations
plotted as circles. The filled circles are detections with uncertainties on the observations,
drawn as error bars. The open circles with down arrows are CGM? upper limit detections.
Some of the filled circles are lower limits on Ny due to saturation above 2> 10 ¢cm—2.

In the left-hand panel, we show the HI column densities for the GM galaxies with
black holes. The GM galaxies with black holes in CDM, except for GM3, agree with
the observations below ~ 0.4 Ry because of the large spread in Nyp at low virial-radius-
normalized radii, but are lower than the observations at close to the virial radius. On the
other hand, it is interesting to note that in spite of the low HI column densities in GM3, the
GM3SI1 model agrees with the CGM? observations below ~ 0.2 Ry, and between ~ 0.4 — 1
Ryir. In the center panel, we show HI column densities for GM galaxies with no black holes.
For GM1noBHs and GM2noBHs the HI column densities agrees with the CGM? detections
at low viral-radius-normalized impact parameters, but are ~ 1-dex lower, above ~ 0.6 Ryir.
POnoBHs and GM3noBHs are ~ 1-dex lower than the observations for most radii. In the
right-hand panel we show the HI column density profiles for the Justice League galaxies,
which agree with the observations at low impact parameter, i.e. below ~ 0.6 Ryi; and are

again below the observations at higher impact parameter.

4.8.2  Clump Properties

Here we examine clump physical properties, including temperature, density, and mass for
all the simulated halos. Our genetic modification technique allows us to assess the variation
of these properties as a function of feedback prescriptions and star-forming properties of the

primary host halos. Furthermore, we examine clump properties as a function of simulation
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Figure 4.5: Total mass in cold clumps vs total cold gas mass in the CGM vs. time. Outside
of times when the host galaxy is undergoing a merger (near t = 6 Gyr and ¢t = 10 Gyrs)
the cold gas mass in clumps is about 90% independent of the background baryonic or dark
matter physics.

resolution by including the Justice League near-mint and mint resolution Elena zooms.

4.8.8 Cold CGM mass in Clumps

Using the background CGM gas defined in 4.2.1, with a cut on the temperature of T < 10°
K we calculate the total cold gas mass in the CGM for each output in a given simulation.
For a given time step in each simulation considered, we additionally calculate the integrated
mass in all the clumps identified, denoted “tot Mcjump”. We then compare the total CGM
cold gas mass in clumps, tot Mcyump/cold Mcam, as a function of cosmic time for the
different simulations in Figure 4.5. On average, 2 50% of a given CGM’s cold gas is in the
form of cold clumps. However, this should be considered a “lower-bound” on the amount
of the CGM’s cold gas that exists in the form of clumps, as we do not count the unresolved
single-particle clumps. We note that after the last major merger of the GM resolution zooms
(z ~ 1), there is a separation in the amount of cold CGM gas in clumps in the star-forming
vs. quenched galaxies (blue vs. red lines in Figure 4.5, similar to star formation and black
hole accretion rates as shown in figures 1 and 2 in [251]). The percent of cold CGM gas

mass in clumps in Elena is intermediate to these two types of galaxies at z = 0.17.
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4.8.4  Clump Pressure Profiles

An outstanding question about the CGM is whether the hot and cool phases of the CGM
are under pressure equilibrium. We thus examine the amount of thermal pressure support
of each clump compared to analytic theory and previous observational constraints. In figure
4.6 we examine the thermal clump pressure per Boltzmann constant, ki, in PO, NM, and
Mint Elena from left to right respectively. The average thermal pressure of the clumps is
scatter-plotted against their radial distance from the CGM center of mass in their respective
model colors. This is compared to the average thermal pressure profile for the full hot CGM
(T > 10% K) in the red solid line and for the full cool CGM (T < 10° K) in the blue solid
line. The regions around the full hot and cool CGM average thermal pressures indicate a

1-sigma quantile on either side.

Observations from COS indicate a large spread in pressure CGM pressure measurements,
with no emerging correlation with galactocentric radius [283]. Thus, the pressures spanned
by the COS observations are indicated in the gray region. We finally compare our clump
pressures to two analytic models: the adiabatic NFW pressure profiles described in [169] in
the light gray solid line and the fiducial isentropic model as described in [86] in the black

solid line.

At all three resolutions, the pressure of the clumps roughly traces the cool gas pressure
profile. This agrees with figure 4.5, which indicates the cold clumps comprise most of the
cool CGM gas. However, in NM and Mint Elena, the clump pressures also occupy pressures
intermediate to the cool and hot CGM. PO on the other hand follows only the cold CGM
pressure profiles except below ~20 kpc, where there are pressures intermediate to the cool

and hot CGM pressure profiles.

Compared with the cool CGM gas pressures, the adiabatic NF'W pressure profile has a
shallower slope than our clump pressures. The adiabatic NFW is also higher than most of
the clumps in NM and Mint Elena, and for PO above r~ 20 kpc. However, there are a number
of clumps near the PO galaxy, and some clumps in NM and Mint Elena at intermediate radii
which are higher pressure. On the other hand, the adiabatic NF'W pressure is consistently

higher than the COS observations. Above r~ 60 kpc the clump pressures agree with the COS
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Figure 4.6: THERMAL PRESSURE PER BOLTZMANN CONSTANT z = 0.17: The average
thermal pressure of a clump is scatter-plotted against their radial distance from the CGM
center of mass for PO, NM, and Mint Elena in their respective model colors. The solid red
and dashed blue curves with corresponding colored shaded regions indicate the pressure of
the full hot and cool CGM with a 1-sigma quantile from the respective simulations. The
light gray and black curves indicate the adiabatic NF'W and isentropic thermal pressures,
respectively. The gray region indicates the thermal pressure spanned by COS observations.

observations. In NM and Mint Elena, the bottom edge of the thermal pressure distributions

are consistent with the upper limit pressures from COS.

4.3.5 Clump Phase

In Figure 4.7 we show HI number density vs temperature for two different redshifts, z = 1.18
and z = 0.17 in the left and right columns, respectively. We examine phase plots for the GM
galaxies with BHs, without BHs, and for the higher-resolution NM, and Mint Elena halos,
from the top to bottom panels. All simulations look similar at nyy < 1072 cm™2. Above
this density, the higher-resolution simulations at z= 1.18 show approximately twice as many
high-density clumps as lower resolution runs at the same redshift. We note a population of
high-density, warm clumps with T ~ 10° K at all redshifts and all resolutions. Cold (T <

10* K), high-density clumps exist only in the Mint Elena simulation at high-redshift.

4.8.6 Size-Mass Relation

In Figure 4.8 we compare the sizes of the clumps to their masses. This relation is again

shown at two distinct redshifts, z = 1.18 and z = 0.17 in the left and right columns
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Figure 4.7: CLUMP PHASE DIAGRAMS: Average clump HI number density vs. average clump
temperature for the models considered at two different redshifts, z = 1.18 and z = 0.17
shown in the left and right columns, respectively. Top: Clump phase for the GM galaxy
runs with black holes. Middle: Clump phase for the GM galaxy runs with no black holes.
Bottom: Clump phases of NM, Mint Elena, and PO showing that higher-resolution zooms
resolve more high-density clumps, including warm, high-density clumps.
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Figure 4.8: CLUMP SIZE-MASS RELATIONS: We show clumps at two different redshifts,
z=1.18 and z = 0.17, in the left and right columns, respectively. As in previous figures, the
points are colored by model. All models exhibit similar behavior independent of underlying
physics (BHs vs. no BHs or CDM vs. SIDM) but the overall number of clumps varies from
model to model at a given redshift. These differences are seen in the histograms on the sides
of the figure. In each case, there is a knee in the relationship near a clump size of < 1 kpc.
Below this size, the clump mass relationship is flat, and we are unable to reliably predict
the clump-mass relationship due to resolution effects.
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respectively. Above 1 kpc, clump mass increases with clump size, as an approximate,
median single power-law with exponent 1.240.1. A simple, linear-least squares analysis of
the larger clump sizes and masses in all panels indicates that this relation is independent of

BH feedback, star-formation, the dark matter model, and resolution.

4.8.7 Clump Size and Mass Functions

The distribution of clump masses at z = 0.17 for the GM galaxies with and without BHs
is shown in the left and right panels of Figure 4.9, respectively. We note that except for
GM2, the number of clumps in the no BH simulations is suppressed relative to their BH run
counterparts, at a given mass at this redshift. However, overall the distribution of masses,
spanning Mciymp ~ 2 X 105 — 1010 Mg, with a peak near Mcjymp ~ 1055 Mg, are similar
between the BH vs. no BH runs. Further, the clump mass function distributions share a
similar slope in the BH vs. no BH runs.

In Figure 4.10 we show the differences in the clump mass function distributions based
on resolution by comparing the clumps mass of PO, NM and Mint Elena at z = 0.17. We
find that the mass functions agree at the high mass end (Mcymp > 10° Mg) across the three
resolutions considered. This is in contrast to previous examinations of the CGM’s cold
clump mass functions’ dependence on resolution in grid-based codes, which find a complete
offset shift in the mass functions with increasing resolution [204]. Instead, we find that the
shapes of the mass functions do not change as resolution increases, the slopes of the mass
functions stay consistent, with the peak of the mass function and the mass of the smallest
“resolved” clumps shifting to lower and lower masses as the resolution increases. We further

consider this facet of our clump mass distributions in Section 4.4.2.

4.3.8 Clump Migration

Using the radial positions and velocities of each clump as defined in 4.2.3, we examine the
properties of the radial position and velocity distributions of each model as a function of
time. We show a series of kernel density estimates (KDE) of the radial clump position

distributions for PO in figure 4.11. The KDEs are colored by redshift from light to dark red,
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Figure 4.9: CLUMP MASS FUNCTION COMPARISON AT GM RESOLUTION: left: Number of
cold clumps of a given mass in the GM galaxies at z = 0.17. right: Number of cold clumps
of a given mass in the GM galaxies with no black holes at z = 0.17. The total number of
cold clumps is slightly suppressed for a given model without black holes compared to with
black holes, except for GM2. In all models, the peak clump mass is near M¢jymp = 105°M,

close to the mass resolution of these zooms.
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Figure 4.10: CLUMP MASS FUNCTION RESOLUTION COMPARISON: left: Number of cold
clumps of a given mass PO, NM and Mint Elena at z = 0.17. The vertical solid lines
correspond to the initial gas mass resolution, colored to match the respective models (see
table 4.1). right: Number of cold clumps of a given size in PO, NM, and Mint Elena at
z = 0.17. At the high mass end, the three resolutions produce a similar number of clumps
with a given clump mass. However, as resolution increases, smaller and smaller clumps
are resolved. The mean size of clumps is ~ 1 kpc, for the GM galaxies and NM Elena.

However, the mean size shifts to smaller sizes by ~0.5 dex in Mint Elena.

The higher

resolution simulations produce both smaller and larger sized clumps, and agree at the large

size end.
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from high to low redshift. The KDEs are colored by redshift from dark to light red, from
high to low redshift. The redshifts, and cosmic times, are listed in the corresponding color
on the right side of each estimate.

For each model, the average, variance, and skew in the radial position and velocity
distributions are then calculated through cosmic time. In Figure 4.12 the first, second, and
third moments of the radial position distribution of clumps are plotted through cosmic time
from top to bottom, respectively. Similarly, the first, second and, third moments of the
radial velocity distributions are shown in the bottom three panels.

In the top panel of Figure 4.12, we show that independent of background dark matter
model, black hole physics, and resolution, the average virial-normalized radial position of
the clumps decreases down to z ~ 1. In the second panel from the top, we show that
at high-z, the variance in the virial-normalized radial distributions is less than 10% until
z ~ 3. The third panel indicates that above z ~ 3 the radial distribution of clumps is
skewed towards larger distances, while below this z, it is skewed towards smaller distances.

The first moments of the radial velocity distribution indicate that on average, the clumps
have an inward radial velocity of ~ 50 km/s above z ~ 1. The second moment at high-z
(z > 3.5) indicates that there is little spread in the radial velocity distributions, suggesting
that the majority of clumps are radially migrating towards the CGM’s host galaxy’s disk.
Near z = 1, the average radial velocities for some models are positive, indicating they are
outward flowing. Near this redshift, all the GM galaxies undergo their last major merger,
in conjunction with a large black hole accretion event. The spread in the radial velocity
distribution at z ~ 1 is ~ 50 km/s and extends up to ~ 200 km/s. The skew at and above
z = 1 in the radial velocity are towards negative values. This indicates that the majority
of the clumps are inflowing, but some may be moving outwards due to the large black hole

accretion event, or the major merger.

4.3.9  Clump Timescales

We first consider the dynamical time of the clump in the background CGM and dark matter

halo potential, which is taken to be:
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Figure 4.11: Kernel density estimate plots of the radial distribution of clumps in PO as a
function of and colored by redshift (higher redshift is a darker hue of red) with high to low
redshift from bottom to top. As redshift decreases, the mean value of the clump radial
positions get closer to 20% of the virial radius, and the spread in velocity decreases.
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Figure 4.12: Moments of the radial position distribution as a function of redshift, colored
by model. The moments are similar across all models considered. At high redshifts, the
average clump position is near the virial radius, but decreases with z until z =~ 1. The radial
positions of the clumps also spread out as z decreases.
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Figure 4.13: Moments of the radial velocity distributions as a function of redshift, colored
by model. The moments are similar across all models considered. At z Z 1 the clumps
have negative average radial velocities, indicating that they are slowly moving towards the
center of the CGM with increasing spread in the radial velocity.
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3/2

clump (43)
\/GMgal (T = rclump)

where M (rcump) is calculated for each clump by taking the linearly interpolated total halo

wr

tdyn,clump =

mass-enclosed within the radial position of each clump.

We consider the migration time of clumps, ¢y, taken to be the radial position of the
clump by its radial velocity, as discussed in section 4.3.8. We compare this to the dynamical
time of the clumps. In figure 4.14 we show the distribution of ¢, /td4yn for PO, and NM and
Mint Elena. The remaining GM galaxies exhibit a similar trend to PO. Throughout cosmic
time, the median migration times (the center solid lines for each model at a given redshift)
is consistent with the dynamical time, with a skew towards migration times longer than
the dynamical time. Combined with figure 4.12, this indicates that the clumps are simply
free-falling from the virial radius in the background potential of the halo.

We next examine the sound crossing time of each clump taken to be:

/ 1
ts,clump =5 ’pr(:Clllmp (44)
ump

where S is the size of the clump, and we take the adiabatic index v = 5/3 for atomic gas by
considering it a 3 degree-of-freedom monoatomic gas. We then compare the sound crossing
time to the dynamical time, t4y,. We find that the average ratio of ts clump/tdyn,clump < 1
across cosmic time. This indicates that in spite of the pressure the clumps experience from
the background CGM halo, they should remain in pressure balance as they move towards
the host galaxy. This is at odds with our pressure comparison (see figure 4.6) between the

hot and cold phase, which indicate that the pressures between the two phases are not equal.

Star Formation and Clump Accretion Rates

We now aim to determine a clump mass accretion rate onto the host galaxy. To this end,
we utilize ¢,z as defined in 4.3.9 and the mass of the clumps. At each time step, we sum
the clump mass that will accrete within the next 250 Myr, and divide the summed mass by
the mean of the bin t,;z. Physically, this tells us the local average amount of clump mass

that will reach the disk within the mean migration time. We call this the average clump
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Figure 4.14: RESOLUTION COMPARISON OF THE DISTRIBUTION OF CLUMP MIGRATION
TIMES BY DYNAMICAL TIMES. Colored by model for PO, NM and Mint Elena, we compare
the clumps dynamical times due to the CGM and dark matter halo mass compared to the
migration time across redshift. The mean dynamical times are consistent with the migration
times of the clumps across redshift and independent of resolution.
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Figure 4.15: STAR FORMATION AND CLUMP ACCRETION RATES IN GM2 AND NM ELENA:
At each timestep the local average clump accretion rate, Mclump, is calculated using clump
masses and migration times. The average clump accretion rates are then plotted as a
function of cosmic time in the dotted lines in the model colors considered. The solid line
in the same model color shows the star formation rate of the host galaxy, considering only
the main progenitor.

mass accretion rate, Mclump. We’ve binned the SFR in bins of 10 Myr, thus, we linearly
interpolate Mclump, and then bin it in 10 Myr bins. For each model, we then compare the
average clump mass accretion rate to the star formation rate (SFR) in figure 4.15. We
find that Mdump roughly traces the SFR in terms of solar masses accreted per year and
overall shape for the GM galaxies. In particular, at late times in the quenching galaxies,
the average clump accretion rate decreases as the SFR drops below 1072 My, yr~!. In figure
4.16 we examine the cold disk gas and stars (defined as the material within a sphere with
a radius of 15-kpc centered on the host galaxy) in GM2 as a function of time compared to
the cumulative mass clump accreted. We find that the stellar mass growth closely follows

the cumulative clump mass accreted.
4.4 CGM Discussion

4.4.1  Clump Sizes: Comparison to Observations

Observations constrain the length scales over which absorption-line column densities in the
CGM vary significantly, subject to angular resolution limitations and detector sensitivity

[325, 255, 127, 244]. These length scales are often interpreted as cloud size scales. At
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Figure 4.16: DISK MATERIAL MASS AND PREDICTED CUMULATIVE ACCRETED VS TIME:
All material within a sphere with a radius of 15 kpc centered on the host galaxies center
vs time. The light teal is all disk gas, the light blue is all disk gas with 7' < 10* K, the
dark blue is all disk stars, and the black shows the expected cumulative cold clump mass
accreted. The stellar disk mass traces the cumulative accreted clump mass.
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low redshifts, across a wide range of ionization potential energies spanning Mgll to OVI,
absorption line complexes have significant column density variations on approximately kpc
scales, indicating cloud sizes of roughly this magnitude [226]. Photoionization modeling of
absorption-line systems within 150 kpc of a host L* galaxy at z~0 results in large, > kpc
cloud sizes [283, 321, 330]. Furthermore, HI-21cm imaging of nearby HVC complexes shows
richly structured gas with a range of size-scales from tens of parsecs to kpc, much of which
is accreting [167, 168]. Thus, observational evidence for large, clumpy gas accretion in a

neutral, cool gas phase supports the physical picture we present in this study.

While limited spectral resolution and detector sensitivity may affect the observations as
much as the limited spatial and mass resolution does the simulations, the detected structures
in observations show evidence for some larger-scale coherence > 1 kpc, and in simulations,

we find clumps with sizes peak near 1 kpc.

4.4.2  Clump Sizes: Comparison to Other Theoretical Studies

Recent cosmological simulation studies have worked to identify and quantify the properties
of cold clumps in the CGM. [204] used the Figuring Out Gas & Galaxies in Enzo (FOGGIE)
cosmological hydrodynamic simulations of a Milky Way mass at z = 0 to identify cold
“cloud” CGM structures. In this study, two resolutions were considered. At the standard
resolution, ~ 65% of clouds had sizes larger than 1 kpc, while at the higher resolution only
~ 30% had sizes larger than 1 kpc near z ~ 2 (see figure 12 of [204]).

[191] examined cold clump structures in the CGM of massive (M, > 10! M) galaxies
at z ~ 0.5 in Ilustrius TNG-50 [190, 208]. In this study, they showed that the number
of clumps increased with halo mass, producing ~ (9(102) clumps in the My ,—0.5 ~ 1012
Mg halos and O(10%) clumps in the Myir y—0.5 ~ 10" M, at their highest resolution.
They additionally showed that their clouds have a size distribution that peaks at ~ 1 kpc
diameters for halos with My ,—0.5 > 10132 Mg, and resolution convergence in the large-size
tail. More recently, [225] identified and examined cold clumps in less massive Milky Way-
like halos (Mago,c < 10" Mg) in TNG-50 using spatially contiguous sets of Voronoi cells.

They found the most abundant clouds have masses of ~ 10® My and sizes of ~ 10 kpc at
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z=0.

In this study we examine the clump and size mass functions at z = 0.17, we find that
the distribution of clump sizes is peaked near ~ 1 kpc at the GM and NM Elena resolution,
shifts by 0.5 dex in Mint Elena, and that the number of clumps with sizes above ~ 1 kpc is

similar between NM and Mint Elena resolution.

4.4.8  Cold clump accretion onto the host galaxy

[191] found cool CGM clumps in massive low-z galaxies in TNG-50 appear to be long-lived
and that the majority of them fall down to the central galaxy at z ~ 0.5. This is in contrast
to recent idealized simulations, which show that by z = 0, cold clumps falling from the IGM
to the disk lose the vast majority of their mass at distances larger than half the galaxy virial

radius and are completely dissolved in the hot corona before reaching the central galaxy [3].

4.4.4 Pressure Equilibrium

[321] compared gas densities inferred from photoionization modeling to the two-phase, adi-
abatic NFW [169] model and found that the cold gas densities inferred from observations
agreed with the model’s predicted hot gas densities. Given the 2-dex temperature difference
between the hot and cool gas definitions, this implies the hot and cool gas in the CGM of
the COS halos were not in hydrostatic equilibrium between gravity and thermal pressure.
As a response, subsequent studies have considered additional non-thermal pressure
sources such as cosmic ray pressure [42], turbulent and ram pressure, as well as centrifugal
pressure support [166, 87]. In this study, we find that the cold and hot phases are not

thermal pressure balance/equilibrium.
4.5 CGM Summary and Conclusions

In this work, we quantified and traced the properties of cold clumps in the circumgalactic
media of smoothed particle hydrodynamic Milky Way analog simulations with dark matter,
gas mass resolution, and gravitational softening ranging from 1.8 x 10* — 1.4 x 10° Mg,

3.3 x 10% —2.1 x 10° M, and from 87 — 250 pc, respectively. We identified cool clumps by
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first taking the CGM gas as defined in section 4.2.1 that have ng;; > 4x 1078 cm™3. Then for
the remaining CGM gas particles, we used a modified version of PYFOF, a FOF algorithm,
to identify clumps using the particles’ SPH length, a proxy for the local resolution. The

identified clumps are illustrated in figure 4.3. Our results are summarized as follows:

1. In section 4.3.3, we compared the mass in clumps to the total cool CGM (T < 10°
K) mass. We found cold clumps with m = 2 make up ~ 80% of the CGM’s cold gas

mass on average through cosmic time (see figure 4.5).

2. In section 4.3.4 we explored the thermal pressure of the clumps. In figure 4.6, we
showed that the identified clumps are under pressurized relative to previous analytic
predictions of an adiabatic NFW two-phase gas model [169], but agree well with
an isentropic model [86], and with data from the HST COS [283] above an impact
parameter of ~ 60 kpc. At all three resolutions, the pressure of the clumps roughly

traces the cool gas pressure profile.

3. In section 4.3.5 we examine the HI number density of clumps vs. temperature at
two different redshifts, z = 1.18 and z = 0.17. We find that the phases look similar
when ng; <1072 em~2. At all resolutions, we see a population of high-density warm

clumps with T~ 10° K.

4. In section 4.3.6 we compare the sizes of the clumps to their masses at z = 1.18 and
z =0.17. In figure 4.8 we find above ~ 1 kpc, clump mass increases with clump size,
as an approximate, median single power-law with exponent 1.24+0.1. This relation

holds for lower and lower clump sizes as resolution increases.

5. In Figure 4.10 of section 4.3.7 we show the differences in the clump mass function
distributions based on resolution by comparing the clumps mass of PO, NM, and Mint
Elena at z = 0.17. We find that the mass functions agree at the high mass end

(Metump > 10° M) across the three resolutions considered.
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We additionally find that the clump size function peaks < lkpc, again with a shift to

smaller sizes, with increasing resolution.

In section 4.3.8 we examined the radial position and velocity clump distributions as
a function of redshift. We showed in figure 4.12, that independent of the background
dark matter model, black hole physics, and resolution, the average virial-normalized
radial position of the clumps decreases down to z ~ 1. In figure 4.13 we find the
first moments of the radial velocity distribution indicate that on average, the clumps
have an inward radial velocity of ~ 50 km/s above z ~ 1. The second moment at
high-z (z > 3.5) indicates that there is little spread in the radial velocity distributions,
suggesting that the majority of clumps are radially migrating towards the CGM’s host
galaxy’s disk.

In section 4.3.9 we find throughout cosmic time, the median clump migration times
are consistent with the dynamical time, with a skew towards migration times longer

than the dynamical time.

In section 4.3.9 we calculated the clump mass accretion rate onto the host galaxy,
Mdump, for each model by determining the local average amount of clump mass that
will reach the disk within the mean migration time. We then compared the clump
accretion rate to the host galaxy’s SFH. In figure 4.15 we find that Mclump roughly

traces the SFR in terms of solar masses accreted per year and overall shape for the

GM galaxies.

Finally, we find that the stellar mass growth closely follows the cumulative clump

mass accreted (see figure 4.16).
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Chapter 5

CONCLUSION AND DISCUSSION

A number of orthogonal astrophysical observations provide evidence of the fact that non-
luminous, non-SM model matter exists in the Universe. These observations indicate that
85% of all the matter in the universe is dark matter, a particle whose microscopic properties
remain poorly constrained over many orders of magnitude. The nature of dark matter
remains one of the biggest open questions in astrophysics and fundamental physics today.
Dark energy and dark matter comprise the dominant concordance model of cosmology,
ACDM. While ACDM has proven to be very successful on large scales, small-scale problems
in observed galaxies challenge the model. CDM-only simulations produce steeply rising dark
matters “cusps” [187, 180, 40, 319] directly in contrast with observations at dwarf scales.
These observations suggest the existence of kpc-scale DM cores, a discrepancy with ACDM

known as the core-cusp problem.

On one hand, SIDM introduces a way for dark matter to exchange energy, naturally
producing dark matter cores [100], which agrees with observations. On the other hand, a
number of studies show that outflows driven by SNe cause the formation of shallow DM
density profiles at the centers of galaxies [227, 114, 211, 68, 67, 39, 212, 288, 19]. These
studies indicate that 1) SIDM and CDM both remain viable DM candidates, and 2) baryonic

physics in simulations is required to make reliable predictions about the nature of DM.

While CDM simulations with baryons are able to produce dark matter cores, they fail to
simultaneously produce the densest galaxies observed [253]. Studies have shown this is true
even for the highest resolution simulations, or in simulations with a high-density threshold
for star formation, which should be able to reproduce the compactness observed in some
galaxies [104]. However, a series of works have demonstrated that a SIDM model with ~ 1
cm? /g interaction cross-section can reproduce galaxy rotation curves from ~ 50 to 300 km/s

[135, 230, 138], although this is still being debated [254]. All the current observations of
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dark matter come from astrophysics. Observational discrepancies at small scales indicate
that galaxies can be used to examine the microscopic properties of dark matter. However,
to make observational predictions about dark matter using galaxy formation, it is crucial
for us to understand the key ingredients involved: DM, and baryonic physics.

In this thesis, we use hydrodynamic, cosmological galaxy formation simulations with
different dark matter scaffolding, analytic and numerical minimization methods, and obser-
vations to derive new signatures of dark matter, as well as to constrain its properties, while

examining galaxy formation.
5.1 Summary

In chapter 2, we derive the dispersion relation for electromagnetic instabilities in an initial
magnetic field. We also show if dark matter is milli-charged or darkly charged, collec-
tive plasma processes may dominate momentum exchange over direct, short-range particle
collisions. When a magnetic field is added consistent with cluster observations, Weibel in-
stabilities result in the mDM constraint [¢/m],, = 1072[q/m],, ~10 orders of magnitude
lower than short-range particle collision constraints. The constraints are even stronger in
the case of a dark-charge, ruling out [g/m], = 107[g/m], in the Bullet Cluster system,
~12 orders of magnitude lower than short range particle collision constraints [1].

In chapter 3, we used hydrodynamic cosmological simulations of Milky-Way-like galax-
ies to examine the influence of dark matter self-interactions. We found that SIDM with an
interaction cross-section of os; = 1 cm?/g consistent with current constraints, suppresses
SMBH formation. Additionally, we found SIDM delays SMBH growth in the main pro-
genitor of Milky-Way-like galaxies by billions of years compared to CDM. Because of the
black hole galaxy connection, we find this causes an enhancement in star formation in the
SIDM galaxies compared to CDM. However, the SIDM galaxies remain compatible with the
Mgy — M, relation at z = 0.8.

In chapter 4, we quantify and trace the properties of cold clumps in the circumgalactic
media of smoothed particle hydrodynamic Milky Way analog simulations at three different
resolutions. Using neutral hydrogen, a tracer of cold gas with temperatures 7' < 10* K, av-

erage ~ kpc-sized clumps were identified using a friends-of-friends method with an adaptive
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linking-length, and were found to make up ~ 80% of the circumgalactic medium cold gas
mass on average through cosmic time. Clumps were found to be under pressurized relative
to previous analytic predictions of an adiabatic NFW two-phase gas model, but to agree well
with an isentropic model, and with data from the Hubble Space Telescope Cosmic Origins
Spectrograph above an impact parameter of ~ 60 kpc. At high-z, the average radial clump
position was found to be near the virial radius, independent of dark matter and baryonic
physics, or resolution but decreased until z ~ 1. The clumps migrate at roughly the dy-
namical time of the system. We find the accretion of cold clumps onto the circumgalactic
and intergalactic medium is an important process that fuels ongoing star formation in our
simulated galaxies, with the average cold clump accretion rate at a given redshift being

correlated with star formation rates.

5.2 Discussion and Future work

Here we briefly discuss potential extensions of the work to be explored in the future.

5.2.1 Diversity of Rotation Curves in High Resolution Dwarf Galaxy Simulations

Recent studies show that simulations with CDM and stellar feedback can produce the most
slowly rising observed rotation curves, but the ability to form the most compact observed
galaxies remains challenging. It is particularly hard to generate a large sample of dwarf
galaxies in the mass range where this diversity is maximized (where maximum circular
velocity is ~ 80 — 100 km/s); about one exists around MW-mass zoom-in simulations.
Producing a large sample using a cosmological volume would require running with lower
resolution because of prohibitively large computational cost, but lower resolution would
prevent the formation of cores through feedback. To test whether ordinary matter feedback
in CDM and/or SIDM is capable of reproducing the full diversity of rotation curves, this
mass range must be directly targeted to produce a large statistical sample to explore the
resulting range of morphologies.

Using RoMuLUS25 [291], a comoving 25 Mpc-on-a-side cosmological volume, 66 dwarf
galaxies in the targeted circular velocity range have been identified. Running zoom-in

simulations of each of these galaxies with force resolutions of 85-170 pc can be achieved in
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less than 20 million core hours in CDM and SIDM, to uncover the range of rotation curve
morphologies produced in the two models. These resolutions allow for star formation at high
enough densities to form DM cores via ordinary matter feedback. If these simulations fail to
produce compact galaxies in the CDM-with-baryons sample, we will know that ACDM with
ordinary matter has a problem. This study will yield the largest sample of dwarf galaxies
to date in the mass range where rotation curve diversity is maximized, using consistent
baryonic physics modeling in ACDM vs. ASIDM, creating an ideal framework for testing

observational agreement of rotations curves in CDM vs. SIDM.

5.2.2 Black Hole Merger Rates in CDM vs. SIDM

In chapter 3, SIDM was shown to significantly delay SMBH formation and growth in massive
galaxies [58]. This finding suggests that upcoming observations of massive/supermassive
BHs from Laser Interferometer Space Antenna (LISA), may provide a unique way to probe
DM. In [58] we examined SMBH evolution in two MW-mass galaxies. In the future, to
quantify BH growth in SIDM vs. CDM on a cosmic scale, ROMULUS25, which has been run
to the present day in ACDM can be used. However, ROMULUS25 does not have high enough
resolution to resolve core formation due to feedback. By re-running this volume with higher
resolution to z ~ 3 (to ensure BHs are numerically well-resolved and developed) we can

quantify the formation, growth, and merger rates of massive BHs in SIDM vs. CDM.

RoOMULUS25 contains mostly dwarf galaxies, the most numerous type of galaxy in the
universe. Their mergers can lead to BH-BH mergers that will be detectable by LISA, which
is optimized to detect merging massive BHs with a range of total masses from 10* — 107
Mg back to z < 20. This mass range is well-matched to both the seed mass for BHs
(10* — 10° My,), and the masses of galaxies resolved by the uniform volume simulation. In
the completed CDM volume, BH-BH mergers in dwarf galaxies are prevalent back to z < 15.
Thus, the volume will produce BHs in LISA’s mass detection range and during times when
LISA will detect BH-BH mergers, making this volume ideal for the proposed study. Because
the formation and merger times of BHs are delayed substantially in SIDM relative to CDM,

we expect the rate at which the BHs merge in the presence of the two different DM models
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to differ significantly. This delay is illustrated in the right panel of Figure 3.8. As a part
of this study, we can verify that the simulations produce BH-galaxy scaling relations in
agreement with observations. Independent of exploring SIDM, this study would provide
CDM predictions for LISA from a volume ideally matched to LISA’s BH mass detection

range.
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